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Abstract 
Cold-formed steel may be used to form the walls, floors, and roofs of medium-rise buildings. 
The C sections have attached boards that serve to brace and stiffen the cold-formed sections 
under different types of loading. This thesis is dedicated to the study of sheathed cold-formed 
steel wall panels under out-of-plane and in-plane loading conditions, by bending and shear tests, 
theory and finite element modelling. Although the behaviour of fixings in shear is established in 
wood construction and presented in the Eurocode 5, there is lack of information regarding the 
failure mode of fixings into thin steel C sections attached to plasterboard. This research covers 
this gap by studying the failure mode of fixings in shear, when attached to different types of 
plasterboard with various properties. Also, the stiffening effect of the fixings is examined using 
different fixing diameters and the contribution of the head of the fixing is studied. Further to 
Johansen’s equations for wood construction, this research establishes similar equations for the 
stiffness and shear resistance of fixings into cold-formed steel with plasterboard by establishing 
the zone of influence of the fixing into the board. An empirical formula for fixing stiffness 
derived based on finite element analysis (FEA) and testing which shows 92% accuracy compared 
with test data on dowels to EN 383. 
The effect of composite action of light steel wall panels boarded with different types of 
plasterboard has also taken into account for out-of-plane loading simulating the wind pressure. A 
series of bending tests on 3.6 and 4.8m long walls using C sections to determine the composite 
action with boards was performed and was correlated with the Steel Construction Institute (SCI) 
method and with finite element modelling. This shows a good agreement based on fixing 
stiffness obtained from push tests. Using FE modelling, a parametric study on the stiffening 
effect of the boards was performed. It showed 20% stiffness increase when boards were attached 
on both sides and also 20% for two boards attached on one side. A reduction in fixing spacing by 
50% showed only 3% increase in stiffness while change in fixing diameter showed only 1% 
increase in stiffness. 
 Current design codes are well developed for the design of isolated cold-formed steel members 
such as columns and beams, but wall frames that rely on sheathing boards for bracing are not 
fully addressed for in-plane loading. A series of shear tests on cold formed steel walls with 
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different types of sheathing boards, such as common plasterboard, moisture resistant 
plasterboard (Aquaboard) and Oriented Strand Board (OSB) is presented and compared with the 
theory of diaphragm action and finite element modelling, which shows a good correlation. The 
use of the effective stiffness of the fixings, keff=0.7k, is proposed for design purposes, where k is 
the elastic stiffness of the fixing, in order to take into account the non-linear effects of the fixings 
in shear. 
This thesis presents the results of tests performed to investigate the stiffening effects of boards 
on C section walls and uses some material and fixing data provided by Siniat. This includes 
elastic modulus of boards and dowel tests to EN 383. 
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1. INTRODUCTION 
Light steel framing has grown in popularity over the last 15 years and is now used for a wide 
range of structural systems, such as: 
• Load-bearing frames of 3 to 9 storeys height. 
• Infill walls of 2.5 to 6m height within concrete and steel framed buildings 
• Modular structures of 3 to 15 storeys using pre-fabricated 3-D units 
Light steel framing uses cold formed C sections as its basic components in which the C sections 
are typically 70 to 150mm deep in walls, and 150 to 300mm deep in floors and roofs.  Design is 
presented in BS EN 1993-1-3, which is based on the general rules in BS EN 1993-1-1 and 1-5. 
Cold formed steel sections are used in a variety of construction sectors, in industrial and 
commercial buildings, mezzanine floors, wall panels, roof purlins etc. Implicit in these structural 
systems is the synergistic use of many types of boards acting with light steel framing to provide: 
• Fire resistance and fire separation of load-bearing elements 
• Acoustic insulation separation with the floors between dwellings  
• Improved stiffness of floors and walls 
• Load spread of external forces to the supporting members 
• Overall structural stability through diaphragm action of boards 
• Robustness of floors and walls to impact etc 
• Weather-tightness and resistance to water and air penetration in the building envelope 
1.1 Construction methods in cold formed steel 
The basic elements of light steel framing are cold formed sections, usually on C, Z or box 
shapes, which can be assembled together into panels, modules or fabricated on site using 
different connection methods. The most common methods of construction which use light steel 
framing are presented below. 
1.1.1 Elemental construction 
In this method, the key structural elements as columns, beams, rafters, walls and bracing are 
assembled together on site to form structural frames. Figure 1.1a shows typical light frames in 
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residential construction reinforced with X and K bracing for lateral resistance. These load 
bearing frames can high up to 9 storeys. Figure 1.1b shows a typically five storey framed 
structure placed on a concrete podium.   
 
 
a) Cold formed steel framed wall with  X 
and K bracing 
(retrieved from www.steelconstruction.info) 
b) Five storey frame in cold formed steel 
(retrieved from www.constructionspecifier.com) 
Figure 1.1: Light steel framing in load bearing construction  
1.1.2 Load-bearing wall construction 
In this construction method, the two-dimensional elements are prefabricated in a factory and 
delivered on site where they are assembled. These consist of floor cassettes, wall panels and roof 
trusses, while some of the finishing materials can be factory assembled. However, the C sections 
are also generally attached to wallboards (plasterboard) which provide acoustic and fire 
resistance. Oriented strand board (OSB), plywood, and specialist gypsum boards are often used 
which provide in-plane shear resistance and diaphragm action as sheathing boards. Figure 1.2a 
shows a typical section of a cold formed wall frame with different lining materials and 
insulation.  
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1.1.3 Infill wall panel construction 
Infill walls, which also made from cold formed steel sections, are built between the floors of the 
primary structure and are considered to be non-load bearing. They resist wind loading and 
provide support for the cladding system. Infill walls are increasingly used in both concrete and 
steel framed buildings and have replaced the masonry and timber alternatives.  Figure 1.2b 
shows an infill wall panel during construction.  
  
a) Cold formed steel frame section with lining details b) Infill wall panel with window lifted in place 
Figure 1.2: Example of light steel wall panels (retrieved from www.steelconstruction.info) 
1.1.4 Partitions 
Partition walls are made up from light steel sections that create the internal walls in residential, 
industrial and commercial buildings. Partitions benefit from composite action as the C section is 
heavily stiffened by the plasterboards attached on both sides. Often the C sections are very thin 
(typically 0.55mm) in comparison to load bearing walls. Partitions are designed to withstand 
internal pressure loading of 0.2 to 0.5 kN/m2. Figure 1.3 shows a cold formed steel partition 
arrangement, while Figure 1.4 shows two typical cross sections for the partition walls used in 
this study. 
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Figure 1.3 : Cold formed steel partition walls on a reinforced concrete structure 
(retrieved from www.foxbroscontracts.com) 
 
  
a) One layered plasterboard wall partition b) Two layered plasterboard wall partition 
Figure 1.4: Typical cross-sections for partition walls used in this study 
1.1.5  Floors  
Cold formed steel C sections can be used as individual joists that are connected to the C sections 
of the wall or can be supported by Z sections. They can also be prefabricated as cassettes. A light 
steel floor cassette during installation is shown in Figure 1.5. The floor cassette is bolted to the 
side of the wall panel. C sections in floors are typically 150 to 300mm deep. 
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Figure 1.5: Cold formed steel floor cassette lifted in place 
(retrieved from www.colli.com.au) 
1.1.6 Modular construction 
In this type of construction, three-dimensional units are completely assembled in the factory and 
delivered on site with all internal finishes and fittings in place. These units may be stacked one 
above the other or side by side and service as “building blocks” to form a more complex building 
structure. A typical module manufactured in cold formed steel is shown in Figure 1.6. 
 
Figure 1.6: Cold formed steel modular structure 
(retrieved from www.bauhu.co.uk) 
Modular construction is most cost-effective in large production where the same pattern of 
modular units is manufactured. It may be used in a wide range of building sector as private and 
social residential buildings, student residences and hotels. The assembly of discrete modular 
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units usually forms a self-supporting structure, while for tall buildings, they may rely on a 
concrete core or an independent structural framework.  
1.2 Material properties 
Steel properties 
Cold formed steel sections are manufactured from galvanized strip steel of 0.9 to 3.2mm thick. 
Typical forms of cold formed steel sections are shown in Figure 1.7. The most common shapes 
for building structures are C and U sections. Z sections are used mainly for purlins.  
 
Figure 1.7: Typical forms of cold formed steel sections (BS EN 1993-1-3) 
They are made by cold rolling or pressing profiled sheets with a nominal thickness at low 
temperature, also known as cold working process, which adds a small increase in yield strength. 
They are usually designated as either grade S280 or grade S350 to BS EN 10147.  
These designations define the yield strength (280 or 350 N/mm2), while the galvanizing layer is 
G275 (275 N/mm2). Cold formed steel sections are typically 0.9 to 3.2 mm thick. The additional 
zinc coating gives excellent durability for external applications (Grubb, et al., 2001). 
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Plasterboard types and properties 
Different plasterboard types were provided by Siniat to be tested as sheathing materials on wall 
panels in bending and shear giving various results regarding their strength and stiffness 
capabilities. The plasterboard types according to BS EN 520:2004, used in this research were:  
 
• Common Plasterboard (Type A), with 𝐸𝑏 = 1500 𝑁 𝑚𝑚
2⁄  . 
• Aquaboard: A water resistant plasterboard for kitchens, bathrooms and shower rooms and 
is also suitable for extremely humid environments such as swimming pools and health 
spas (Type H), with 𝐸𝑏 = 2700 𝑁 𝑚𝑚
2⁄  . 
• Fireboard: A specific plasterboard which provides superior fire resistance for stud 
partitions, wall lining and ceiling systems (Type F), with 𝐸𝑏 = 2800 𝑁 𝑚𝑚
2⁄  . 
• La Dura: A robust board made from gypsum reinforced with wood fibre, it is stronger 
and harder than other plasterboards giving greater impact and pull out resistance      
(Type R), with 𝐸𝑏 = 3200 𝑁 𝑚𝑚
2⁄  . 
• Weather Defence Board (WDB): An external sheathing board, faced with water repellent 
material for superior weather protection (Type I), with 𝐸𝑏 = 2800 𝑁 𝑚𝑚
2⁄  . 
1.3 Typical actions in cold formed steel wall panels 
Light steel walls perform three distinct structural functions. They: 
• Transfer vertical loads from the roof and floor to the ground. 
• Resist wind loading on facade walls spanning between floors. 
• Act as a shear diaphragm to transmit lateral loads to the foundations. 
In this research, only the last two typical actions on wall panels were studied. The research 
covers the behaviour of walls as diaphragms subject to in-plane shear force and the behaviour of 
walls acting compositely due to out-of-plane bending, for example by wind loading. 
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1.3.1 Diaphragm action 
Light steel walls boarded with various materials undergo diaphragm action when subject to shear 
loading. This deformation consists of two parts: a) lateral movement of the steel frame b) in-
plane lateral movement of the boarding due to the movement of the frame. This combined 
movement is resisted by the fixings which act as shear connectors or “springs” and transfer the 
load from the steel C sections to the sheathing board. The representation of this action is shown 
in Figure 1.8. 
 
 
a) Failure mode of cold formed steel sheathed wall panel 
b) Force distribution in shear  
Figure 1.8: Diaphragm action of cold formed steel wall panels (Xu & Martinez, 2006) 
Figure 1.8a shows the typical failure mode of a wall panel under shear loading and Figure 1.8b 
illustrates the internal forces acting on the boards individually. It is apparent that the end C 
sections are the most important as they transfer the compressive and tensile loads to the fixings, 
while the intermediate C sections resist almost zero loading.  
In this research, the contribution of wall boards to the shear performance of light steel walls is 
investigated. Physical tests were conducted using plasterboard and Oriented Strand Board (OSB) 
as sheathing materials and the results were compared to theory of diaphragm action and Finite 
Element Models. 
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1.3.2 Behaviour of fixings in shear 
The analysis of wall panels in shear take account of the stiffening effect of the fixings to the 
system as they act as shear “springs” between the cold formed steel sections and the boarding 
material. These failure modes are strongly affected by the stiffening properties of the board, and 
this behaviour is well established in timber framing by Johansen’s theory, which is adopted at 
Eurocode 5 (EN1995-1-1, 1998). 
This research extends the behaviour of the fixings between cold formed steel and plasterboard in 
wall panels, by introducing equations which represent the stiffening effect of the fixings to the 
system, using physical test data on fixings at different types of plasterboard. The overall 
behaviour is analysed and defined by theoretical Finite Element models based on non-linear 
properties of the plasterboard obtained from bearing tests of dowels.  
1.3.3 Composite action of boards 
Wall panels lined with different types of boards subject to bending exhibit composite behaviour, 
which is similar to the behaviour of a composite steel-concrete floor in bending. Both concrete 
and gypsum used in plasterboards are strong in compression but relatively weak in tension. 
Tension and bending effects are resisted by the cold formed steel sections. The difference is that 
in concrete slabs, the shear force is transferred by headed shear studs which are welded to the 
steel sections. Fixings play the role of shear connectors as they transmit the longitudinal shear 
forces between the gypsum board and the steel section. The behaviour of a cold formed steel C 
section in bending with boards on both sides is shown in Figure 1.9, over a short segment of the 
member dx, showing the slip s+ds at the ends. 
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Figure 1.9: Side view of C section showing the slip of fixings by forces developed by composite 
action with the boards (Steel Construction Institute, 2014) 
In this figure, M is the bending moment acting on the C section, F is the compressive and tensile 
force acting on the two boards and s is the slip of the fixings. 
The number of fixings controls the composite action of the system. This effects the end slip on 
both the tension and compression side. If the slip can freely occur, each component acts 
independently. If the slip at the interface is reduced by the development of axial force in the 
boards, the board and the steel member will act together as a composite unit. The resulting 
increase in bending resistance and stiffness will depend on the extent to which slip is prevented 
by the stiffness of the fixings.  
This research quantifies this composite behaviour by full-scale tests on walls and by the use of 
Finite Element Analysis models. According to the models, the fixings are represented as springs 
with different stiffness properties according the boarding material. Their vertical and horizontal 
movement is output, which represent the slip of the fixing and the force transferred by each 
spring. This theoretical representation is illustrated in Figure 1.10.  
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Figure 1.10: Theoretical model with springs representing the fixing movement 
The movement of each fixing was represented with three individual springs defined on a x,y,z 
axis system, having a different stiffness on each axis kx, ky, kz , as shown in Figure 1.8. The same 
principle was used for the computation of the diaphragm action of the boarded wall panels in 
shear. For diaphragm action, the “springs” can be modelled with non-linear properties. For walls 
in bending, the linear elastic fixing stiffness is used to determine the reduced deflection as these 
walls are relatively slender.  
Composite action leads to higher stiffness and higher load and therefore a smaller or thinner steel 
C section can be used for the same magnitude of loading. The result is a potentially saving of 
material or a reduction of member depth. Also, the stiffening effect can be increased if more 
durable and stiffer types of plasterboard are used and can be placed in single or double layers.  
The Steel Construction Institute (SCI) has developed theoretical models based on the principles 
of composite action between the boards attached to C sections in bending, which are presented in 
the following chapters, and is also referred as the “SCI method”. 
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 In this research, the SCI method is also compared to physical tests conducted by the University 
of Surrey and with Finite Element Analysis models.  
1.4 Shear design according to codes 
The structural design of light steel wall systems has traditionally been conservative as the C 
sections are assumed to act independently with a notional contribution of the boards in terms of 
resisting minor axis buckling. For timber construction, Eurocode 5 provides two design methods 
for the determination of the shear (known as racking) strength of timber-frame wall systems, 
whose principles may be adopted for light steel framing, and are presented in Chapter 2. 
1.5 Motivation for the research – Problem definition 
Research has been carried out on the behaviour of gypsum boards on each side of walls 
combined with C sections under axial compression, but there is little information on their 
behaviour in bending due to lateral load such as wind pressure. Furthermore, the majority of 
physical tests were conducted on individual C sections with sheathing boards which do not 
represent a full-scale wall panel. This research cover this as it is mainly based on full-scale panel 
testing, which better represent a real case wall behaviour, investigating all the parameters that 
govern more accurately. 
Miller and Pekoz, 1994, observed that the deformation of the fasteners attached into cold formed 
steel frames lined with common plasterboard was localised when the wall panel was subjected to 
shear, without giving any further detail of this phenomenon. This research tries to cover this gap 
by investigating the failure mode of the fasteners subjected to shear and quantifies their 
stiffening benefit to the system. This shear behaviour is applicable in walls in bending as well as 
walls in shear.  
The research does not cover the stabilising effect of boards on the compression resistance of C 
sections, although by implication, the stiffness characteristics of the boards can be used in 
determining the effective slenderness for buckling.  A mode of deformation that is not covered 
by this research is the rotational stiffness offered to the C sections by the boards and their 
fixings. 
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1.6 Focus of the research 
The research focuses on investigating and quantifying the stiffening effects of boards and fixings 
on cold formed steel wall panels. To active this, the research was directed mainly on three areas:  
• Investigation of the stiffness of walls with boards on one or both sides of the C sections 
in which composite action is developed with the C sections to reduce deflections under 
wind actions. 
• Investigation of the structural behaviour of walls as shear diaphragms to resist wind 
action in which the boards provide in-plane resistance and stiffness of the light steel 
walls. 
• Understanding of the behaviour of fixings in shear that affect these resistances and 
stiffness. 
Most of the research on fixing behaviour is based on timber framed wall panels, with limited 
knowledge of their behaviour on cold formed steel wall panels. The main focus of this research 
is the investigation of the failure mode of the fasteners subjected to shear on cold formed steel 
panels, using physical test data corelated with finite element analysis, and the quantification of 
their stiffening benefit to the system. The focus of this research is also to propose an empirical 
formula which calculates the stiffness of a fastener for plasterboard-to-steel connection.  The 
results of the shear behaviour of fixings are also used to quantify the effects of the composite 
action of cold formed steel walls in bending as well as investigating the structural behaviour of 
walls in shear by using the linear and non-linear characteristics of the fixings to the system.  
1.7 Aims and objectives 
The aims and the main objectives of this research are presented below:  
Aims  
• Investigate and quantify the behaviour of cold formed steel wall systems subjected to 
bending and shear with the stiffening effect of plasterboards and the cold formed steel C 
sections. 
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• Investigate the behaviour of fixings and establish a sufficiently accurate formula for the 
shear stiffness of fixings between plasterboards on cold formed steel sections, similar to 
Johansen’s equations for timber construction.   
• Develop equations for the fixing behaviour and make comparison with tests to allow the 
stiffening effect to be quantified in design. 
Objectives  
• Develop an analytical model for wall panel flexural and shear behaviour including non-
linear characteristics of the fixings. 
• Devise a bending test method to simulate wind loading on cold formed steel wall frames 
lined with plasterboard on one or both sides. 
• Devise an assembly push test on cold wall specimens using cold formed C sections, in 
order to quantify the behaviour of fixings in shear. 
• Develop a methodology for diaphragm action of light steel walls boarded with wood and 
gypsum panels. 
• Develop adequate Finite Element Models (FEM) to validate the theory and physical tests. 
• Create an reasonably accurate formulae for the shear resistance and stiffness of fixings in 
plasterboard and compare them with FEM and results of tests on dowels and fixings in 
shear. 
1.8 Contributors to the research 
This research project was sponsored by Siniat international, member of the ETEX group. Most of 
the materials tested were Siniat’s products and provided by Siniat UK. Technical support and test 
data on boards and fixings was provided by Siniat’s Technical Development Centre in Avignon, 
France. More specific, Siniat’s contribution to: 
• Data collection for plasterboard compression and tensile test to EN 789, presented in 
sections 3.1.1 and 3.1.2. 
• Dowel bearing test data to EN 383 using different types of plasterboard and fixing 
diameters, presented in sections 4.1 and 4.1.5. 
• Test data on wall panels in shear using Aquaboard, presented in section 6.3 
 PhD Thesis: Modelling of the stiffening effects of boards on cold-formed steel wall panels 
  
 
                                                                  
Marios Stergiopoulos                                                                                                    P a g e  | 25 
 
Also, the full panel wall testing in shear using OSB was conducted at Napier University, funded 
by Smartply.  
The author conducted the following tests at the University of Surrey: 
• Tensile tests on the steel used in cold formed steel, presented in section 3.2  
• Push tests of cold formed steel specimens fixed to different types of plasterboard 
(ordinary plasterboard, La Dura and Weather Defence), presented in section 4.2 
• Tests on 3.6 and 4.8m long cold formed steel walls in bending using different types of 
plasterboard and fixings, presented in chapter 5. The self-equilibrating rig was also 
designed and constructed by the author with the kind assistance of his supervisor.  
All the Finite element analysis modelling in this research was conducted by the author, including 
the correlation with the theoretical models and test results.  
1.9 Structure of the PhD thesis  
Chapter 1: This chapter presents an introduction to the cold formed steel light steel framing 
systems combined with different materials. Also, the problem being investigated and its 
importance is presented. Aims and objectives are clearly defined and a structure of the PhD 
thesis is given.                                                                                                                                                                                                                                                                                           
Chapter 2: This chapter presents a literature background to this research. This includes a 
research summary on the bending and shear behaviour of cold formed steel walls with 
plasterboard and the behaviour of the fixing in shear in such systems. 
Chapter 3: This chapter presents the methodology used in this research, which includes the 
application of the Steel Construction Institute (SCI) method for walls in bending, diaphragm 
action analysis for walls in shear and Johansen’s method for calculating the stiffening behaviour 
of fixings. 
Chapter 4: This chapter presents the behaviour of fixings in shear behaviour on cold formed 
steel to plasterboard connections. It consists of two parts: In the first part, the behaviour of the 
fixings acting as dowels was investigated, in relation to EN 383 test from which the non-linear 
mechanical properties of plasterboard were established. In the second part, the fixing behaviour 
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was evaluated (with and without the contribution of the head) and its contribution was studied. A 
set of equations was presented giving the stiffness of the fixings,  based on a parametric study 
using finite element modelling. A series of push tests on fixings with different types of boards 
was conducted by Siniat and the University of Surrey and the results were validated with these 
equations. 
Chapter 5: This chapter presents the behaviour of cold formed steel wall panels lined with 
different types of sheathing materials acting in bending. A series of tests was conducted at the 
University of Surrey using different types of plasterboard as sheathing material and the results 
were compared to the SCI theory and elastic finite element models. 
Chapter 6: This chapter presents the behaviour of cold formed steel wall panels lined with 
different types of sheathing materials in shear. A series of tests was conducted at Napier 
University using Smartply OSB3 as a sheathing board and the results were compared with finite 
element analysis and fundamental theory on composite action of wall panels. The same 
procedure was followed with test data obtained by Siniat (commenced by the Building Research 
Establishment) using Aquaboard as a sheathing material on the same wall configuration. 
Chapter 7: This chapter presents the conclusions of the research and identifies future work. 
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2. LITERATURE REVIEW 
This chapter presents a literature review of the following areas: 
• Fixing behaviour in shear between cold formed steel C sections and different types of  
boards 
• Behaviour of cold formed steel-to-sheathing walls in shear 
• Behaviour of cold formed steel walls in bending and compression 
• Citation to relevant design codes  
2.1 Fixing behaviour in shear 
Mechanical joints between steel members are divided into the following categories, as follows:  
• Bolts for steel of 2 and 4mm thickness.  
• Screws (generally self-tapping, self-drilling screws), for steel of 1.2 to 2mm thickness. 
• Other connections such as clinching systems and blind rivets 
Dowel type joints in wood construction have been studied for few years and their behaviour is 
well established for timber connections. The behaviour of fixings in shear between wood 
elements was first presented by Johansen but in his theory, the dominant mode of failure was 
bending of the fixing together with bearing of the fixing on the wood. The Johansen formulae are 
presented in Eurocode 5.  
However, the behaviour of fixings acting in shear between thin steel sections and weaker or soft 
materials like plasterboard is not well understood. Fixings are subjected to a rotational effect due 
to the eccentricity of the line of action of the compression force in the board and the horizontal 
shear force in the steel section which is resisted by a force in the opposite direction at the head of 
the fixing and a small moment at the head and in the thin steel. This is a similar fixing condition 
to wood connections, therefore the behaviour of thin steel to board connections can be first 
assessed using the Johansen’s principles. 
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2.1.1 Cold formed steel-to-steel connections in shear 
In light steel framing industry, the main method of connecting cold formed steel sections is by 
using self-drilling, self-tapping screws. These are usually produced in diameters ranging from 
2.2mm to 6.3mm and lengths suitable for the steel elements that are joined. These screws have 
tips which drill a hole through the connecting parts, just before the threads engage all the 
connecting layers together. Various forms of screw head may be used, such as hexagonal head or 
pan-head for a flat head fixing.  Other fixing systems include: air-driven nails, blind rivets 
(Henrob-type fixing), clinching etc., which are more suitable for factory production of light steel 
framing. 
The shear resistance of screws depends on the relative thickness of the steel sections being 
joined. Generally, the modes of failure for screws loaded in shear are edge tearing, tilting, pull-
out or pull over of the screw, bearing of the connected plates and pure shear failure of the fixing, 
as presented in Figures 2.1 to 2.4. For thin-thick steel connections, fixity to the screw is provided 
by the thicker plate and failure generally occurs by tearing in the thin steel due to bearing or by 
shear in the screw itself. For thin-thin steel connections, the screw tends to rotate and so failure 
can be a combination of bearing failure of the thin steel and pull-out of the fixing. 
 
 
Figure 2.1 : Tilting, pull through and pull over of screws in shear (Serrette & Peyton, 2009) 
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Figure 2.2:  Bearing failure of the steel plate in shear (Serrette & Peyton, 2009) 
 
 
Figure 2.3:  Shear failure of screws in light steel connection (Yan & Young, 2012) 
Furthermore, the mode of failure can be a combination of the above nodes as presented in Figure 
2.4. 
 
Figure 2.4: Combined bearing and tilting failure (Yan & Young, 2012) 
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2.1.2 Design of shear resistance of fixings according to BS 5950-5 and BS EN 1993-1-3 
The shear resistance of fixing depends on several parameters such as the diameter, threads, 
strength of the steel of the screw, the characteristics of the hole (whether it is predrilled or not), 
the characteristics of the strip steel (thickness, strength) and the type of loading (shear, tension).  
For self-tapping, self-drilling screws with diameter 3 𝑚𝑚 ≤ 𝑑 ≤ 8 𝑚𝑚 and minimum edge 
distance of 3𝑑, the shear resistances according to BS 5950-5 are given in Table 2.1: 
a) for 
𝑡4
𝑡3
= 1.0, the smaller of: 
𝑃𝑠 = 3.2(𝑡3
3𝑑)0.5𝑝𝑦 
 
𝑃𝑠 = 2.1𝑡3𝑑𝑝𝑦 
b) for 
𝑡4
𝑡3
≥ 2.5 𝑃𝑠 = 2.1𝑡3𝑑𝑝𝑦 
c) for 1.0 <
𝑡4
𝑡3
< 2.5 𝑃𝑠 may be determined by linear interpolation 
between a) and b) 
Table 2.1: Design equations of the shear resistance of screws according to BS 5950-5:1998 
In the table: 
 𝑡3 is the thickness of the member in the contact with the screw head 
 𝑡4 is the thickness of the member remote from the screw head  
 𝑝𝑦 is the design strength of the member material.  
Pekoz (1990) considered over 3500 tests from the United States, Canada, Sweden and the 
Netherlands to formulate screw connection for design purposes. In these tests, a wide range of 
self-tapping screws were used with diameters ranging between 2.2mm and 6.3 mm. The results 
from the above tests were compared with the BS 5950-5 equations and were found that using the 
ultimate stress 𝑝
𝑢
 instead of the yield stress 𝑝
𝑦
, as given in BS 5950, gave significantly better 
correlation. Also a correction factor of 1.3 was used to consider the nature of the available 
information from different sources. These equations are shown in Table 2.2.  
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a) for 
𝑡4
𝑡3
= 1.0, the smaller of: 
𝑃𝑠 = 4.2(𝑡3
3𝑑)
1
2⁄ 𝑝𝑢 
𝑃𝑠 = 2.7𝑡3𝑑𝑝𝑢 
b) for 
𝑡4
𝑡3
≥ 2.5 𝑃𝑠 = 2.7𝑡3𝑑𝑝𝑢 
c) for 1.0 <
𝑡4
𝑡3
< 2.5 𝑃𝑠 may be determined by linear interpolation 
between a) and b) 
Table 2.2: Design equations  of shear resistance for screws according to (Pekoz, 1990) 
The above equations by Pekoz were adopted by the American Iron and Steel Institute (AISI) for 
the shear design of fixings in single shear (AISI, 1996). BS EN 1993-1-3 Table 8.2 gives 
formulae for the shear resistance of screws, as shown in Table 2.3. 
Bearing resistance 𝐹𝑏,𝑅𝑑 =
𝛼𝑓𝑢𝑑𝑡
𝛾𝛭2
<
𝐴𝑛𝑒𝑡𝑓𝑢
𝛾𝛭2
 
𝐼𝑓 𝑡 =  𝑡1 𝑎 = 3.2√𝑡 𝑑⁄    𝑏𝑢𝑡 𝛼 ≤ 2.1 
𝑖𝑓 𝑡1 ≥ 2.5𝑡 𝑎𝑛𝑑 𝑡 < 1.0 𝑚𝑚 𝑎 = 3.2√𝑡 𝑑⁄    𝑏𝑢𝑡 𝛼 ≤ 2.1 
𝑖𝑓 𝑡1 ≥ 2.5𝑡 𝑎𝑛𝑑 𝑡 ≥ 1.0 𝑚𝑚 𝑎 = 2.1 
𝑖𝑓 𝑡 <  𝑡1 < 2.5𝑡 Obtain α by linear interpolation 
Table 2.3: Design equation of shear resistance for screws according to BS EN 1993-1-3 
In the table,  𝛢𝑛𝑒𝑡 is the cross-sectional area of the screw, 𝑑 is the nominal diameter of the screw, 
𝑓𝑢 is the ultimate strength of the steel, 𝑡 is the thickness of the thinner part, 𝑡1 is the thickness of 
the thicker part,  𝛾𝛭2 is the partial factor for shear = 1.25 (recommended value).  
Compared to the formula is presented in BS 5950-5, the yield strength of the steel 𝑝𝑦 is used 
rather than 𝑓𝑢 and the partial factor, 𝛾𝑀2, is set to 1.0.  This implies that the ratio 
𝑓𝑢
𝑝𝑦⁄  is greater 
than 𝛾𝑀2, which may not be the case for higher strength steels. 
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2.1.3 Other research on fixing behaviour  
A considerable amount of research has been undertaken on the shear resistance of screws in 
various combinations of steel thickness, but relatively little information exists on their shear 
flexibility. The most useful information on flexibility of screws is given by Bryan (1973), which 
are given as 0.2 mm/kN for sheet to purlin connections and 0.35 mm/kN for sheet to sheet 
connections. The sheet thickness in this case is typically 0.7mm, which is thinner than most C 
sections, so the range of flexibility for fixings to C sections of 1 to 1.6mm thickness is expected 
to be in the range of 0.1 to 0.15 mm/kN.  
The shear behaviour of shelf drilling screws in low ductility steel was studied by Daudet & 
LaBoube (1996) by conducting 264 tests on light gauge steel with steel thickness ranging from 
0.7mm to 2.4mm and fixings diameter of 3.2mm and 4.7mm. Screws subject to single shear 
generally failed in two different modes depending on the steel profile. For 1.3mm thick steel, the 
mode of failure was the tilting of the screw in combination with bearing failure of the screw hole. 
For 1.7mm thick steel, the mode of failure was generally by screw shearing. The results were 
compared to the AISI equations giving more conservative results for screws shearing in 1.5mm 
and 2mm thick steel and non-conservative results for screws tilting/bearing in 0.95mm and 
1.3mm thick steel (Bayan, et al., 2011). 
The behaviour of thin steel screwed connections at elevated temperatures was studied by Yan & 
Young (2012), by testing 102 single shear screwed connections at temperatures in a range from 
20 to 600 oC. The screws were 4.17mm and 6.35mm diameter, and the steel was 0.42, 1.2 and 
1.9mm thick. Different failure modes were observed, primarily by net section tension and 
bearing and tilting of the screws, as shown in Figures 2.5 and 2.6. 
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Figure 2.5: Tilting and bearing failure of screws at 741 oC  (Yan & Young, 2012) 
 
 
Figure 2.6: Combination of tilting and bearing failure with screw shear at temperature of 896 oC 
(Yan & Young, 2012) 
The results showed that the screw connection strengths predicted by the North American 
specifications were less conservative for temperatures below 450 oC compared to the test results, 
giving almost 98% result accuracy. For higher temperatures, the reduction in fixing stiffness was 
36% at 450 oC  to 96% at 900 oC compared to  the stiffness of normal temperatures.  
A review of screw connections in cold formed steel was made by Huei, et al. (2014) which 
included a comparison with conventional joints. This showed that bolted end plate moment 
connections were found to be impractical for portal frames. Relevant research showed that self-
drilling screws in joints showed a higher bending capacity and hence gusset plates could be 
connected by self-drilling screw configurations.  
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2.1.4 Cold formed steel-to-sheathing board connections 
Studies on cold formed steel C section wall frames lined with plasterboard were conducted under 
in-plane shear showed that the failure of the wall is highly influenced by the local failure in the 
fixings. The non-linearity in the load-deformation behaviour of the wall panel is mainly due to 
the non-linear behaviour of the boarding material, which is reflected in the failure mode of the 
fixings. The load carrying capacity of a steel-to-plasterboard connection is limited by the 
embedment strength of plasterboard, as the fixing tended to rotate inside the board and no plastic 
hinges were formed in the screw itself. This mode of failure can be described as mode I 
according to Johansen’s theory (see Table 2.5), while modes II and III did not occur.  This 
behaviour was studied by Nithyadharan & Kalyanaraman (2011), who investigated the effects of 
the edge distance of the screws and the thickness and orientation of the sheathing material, under 
monotonic and cyclic load. The failure modes that were observed are shown in Figure 2.7. 
   
a) Tilting b) Bearing c) Pull through 
  
 
d) Bursting e) Tearing  
Figure 2.7: Failure modes of screws in cold formed steel to plasterboard connection 
(Nithyadharan & Kalyanaraman, 2011) 
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More specifically, using 3.9mm diameter fixings, it was generally observed that the ultimate 
resistance and stiffness of the screws increased with board thickness by 13% and edge distance 
by 4%. Different failure modes of fixings were observed for tests with small edge distances. For 
fixings with 17 and 25mm edge distance, the failure mode was initiated by fixing tilting, leading 
to bearing and finally the pull through of the fixing into the plasterboard, without any failure or 
cracking of the board. For an edge distance of 10mm, failure was initiated by tilting of the fixing 
followed by bearing, and finally resulting in failure of the board by bursting and tearing of the 
edge of the board.  
Regarding the sheathing board orientation, the loads were applied either perpendicular or parallel 
to the fibre direction. It was observed that the strength of the screws was around 4% higher when 
the screw shear was perpendicular to the board fibres compared to the parallel orientation. This 
was due to the fact that in perpendicular orientation, the fibres distributed the applied force over 
a larger width over the body of the screw, compared to the case of screws in shear perpendicular 
to the fibres.  
All studies showed that the type of connections have a constantly effect on the overall behaviour 
of the wall panel and govern its failure mode, but they did not focus on their local behaviour.  A 
study on the behaviour of fixings (Fulop & Dubina, 2006), showed that most of the non-linear 
deformation was due to the inelastic deformation of the edge fasteners. Thus, any calculation of 
the elastic design limit of the wall panel is strongly related to the deformation of the fixings 
subjected to high forces and therefore their design principle is based on the serviceability criteria 
rather than strength criteria.  
A simple pull-testing rig was developed (Peterman, et al., 2012) so that the connection behaviour 
in cold formed steel shear panels lined with gypsum board could be investigated.  A drawing of 
their loading regime is shown in Figure 2.8. 
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a)Front view of loaded specimen b)Side view of specimen in rig c) Inside view of stud clumping  
Figure 2.8: Drawing of pull test rig (Peterman, et al., 2012) 
The parameters tested regarding the fixing behaviour were fastener spacing (152 and 305 mm) 
and steel thickness (0.84, 1.37 and 2.46mm). The edge distance was taken as 38mm to avoid 
edge tear out of the plasterboard. The results showed an overall low shear resistance of the 
fastener-to-gypsum connections that failed in bearing, while the effect of the fixing spacing did 
not have any significant effect. 
The steel thickness had a major effect on the strength and stiffness of the fixing, which led to a 
more ductile response. The same test was conducted by applying dynamic loading to simulate 
seismic action. The results showed that the hysteretic behaviour varied between positive and 
negative displacements due to gypsum’s weak resistance to other fastener translation. 
For positive displacements, the fastener deformed into the sheathing until it burst through the 
edge of the gypsum board, while for negative displacements the fastener moved towards the 
centre of the board, bearing the material.   
The same fastener behaviour was experienced by (Shahi, et al., 2013), (Fiorino, et al., 2007), 
(Fiorino, et al., 2008), who used similar push-test configuration. According to (Fiorino, et al., 
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2007) a 20% design shear strength reduction was proposed for fixings into gypsum boards, 
subjected to seismic actions. The modes of failure of fixings into plasterboard from monotonic 
and cycle loading are shown in Figure 2.9. 
  
a) Failure mode for monotonic load 
Fixing 15mm from the edge of board 
b) Failure mode for monotonic load 
Fixing 50mm from edge of board 
  
c) Failure mode for cyclic load 
Fixing 15mm from the edge of board 
d) Failure mode for cyclic load 
Fixing 50mm from the edge of board 
Figure 2.9: Fixing failure modes for monotonic and cyclic loading on fixings in plasterboard 
(Fiorino, et al., 2007) 
Similar small-scale shear tests on sheathing-to-stud connections were conducted (Ye, et al., 
2016) who studied the effect of different sheathing material and orientation, edge distance, screw 
diameter and stud thickness. The results showed that OSB -to-stud connection had the highest 
ductility compared to gypsum board, while the magnesium board had the poorest performance. 
Edge distance had a greater effect on the shear resistance than screw diameter and C section 
thickness. The sheathing orientation had a small effect on the shear resistance of the connections 
for all sheathing types.  
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Fixing research was performed by Chen, et al. (2016) by presenting the results of 200 shear tests 
of 4.2mm diameter bugle headed screw connections with single of double layer of 12.5mm fire 
resistant gypsum board that were tested on both ambient and elevated temperatures. Single 
fixings with edge distances of 10, 15 and 20mm were evaluated when fixed to a 30mm wide x 
1mm thick steel strip.  
Generally, the failure characteristic of the screw connections of single layer gypsum sheathing 
was different to that of double layer gypsum sheathing boards at ambient temperature and was 
described as the breaking of the edge of the board combined with screw tilting. This screw tilting 
and edge fracture disappeared gradually at elevated temperatures. The shear strength of crew 
connection decreased at between 150oC and 200oC due to gypsum dehydration and gradually 
declined from 250oC to 500oC. 
Therefore, the shear behaviour of fixing in shear is complex as many parameters can influence 
the stiffness and resistance. The stiffening behaviour of most of the studies (Fulop & Dubina, 
2006), (Judd & Fonseca, 2005), (Jian & Daniel, 2009), (Viera Junior & Schafer, 2016)  
simulated the fixings with linear and non-linear springs (Oriented Spring Pair Elements, OSPE). 
This required input of the force-displacement relationship for all springs in the plane of the 
applied force, ignoring any other fixing behaviour, such as tilting of fixings when subjected to 
shear. 
However, detailed Finite Element Modelling of such complex behaviour is computationally 
difficult, mainly because of the use of the complicated contact properties between the fixing and 
the sheathing material, in order to model the tilting and pull-through behaviour. Furthermore, the 
modelling of the crushing of the plasterboard needs sophisticated Finite Element “plastic” 
analysis tools. This is the gap that this research attempts to fulfil.  
2.2 Light steel walls in  shear  
In structures, shear walls are structural elements that resist lateral loads due to wind or 
earthquake actions by in-plane shear. The behaviour of light steel walls subjected to shear loads 
is not well understood, and in recent years effort has been made to evaluate the controlling 
aspects regarding their shear strength and stiffness.  
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The first study of the behaviour of sheathing boards on cold formed steel C sections in shear was 
made by Green, Winter and Guykendall in 1947. A set of 102 tests on steel C sections and 24 
tests on different wall materials was made to investigate the effect of stud-fastener-sheathing 
assembly to the overall stiffness of the system (Green, et al., 1947).  This method was adopted by 
the American Iron and Steel Institute (AISI) in 1962. The AISI design method used the Winter’s 
testing configuration, in which the specimen was tested in tension while the loading was applied 
concentrically through two steel C sections, placed between the boards as shown in Figure 2.10.  
 
Figure 2.10: Green, Winter and Guykendall testing configuration for pure shear behaviour of 
fixings (Green, et al., 1947) 
The method is limited since it covers only C sections with sheathing boards connected on both 
sides (Viera Junior, 2011). Furthermore, this method considers that the buckling length of the 
plasterboard is equal to twice the fastener spacing, also known as the ”2a” assumption, and it 
only applies to flexural buckling and not flexural-torsional which is the common buckling mode 
in cold formed steel C sections  (Viera Junior, 2011). 
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Simaan and Peköz (1976), developed another testing configuration based on the diaphragm 
action of the system. In order to examine this effect, they performed 10 tests using four different 
C sections and three different sheathing materials: gypsum board, fibre board and insulation 
board.  The testing configuration is given in Figure 2.11. 
 
Figure 2.11: Simaan and Peköz diaphragm testing configuration (Simaan & Peköz, 1976) 
Iourio and Schafer (2008), compared Winter’s with Simaan and Peköz method and they 
concluded that they generate reasonably similar stiffness values. The reason for this is that the 
major contributor to the diaphragm stiffness in many typical configurations is local deformation 
at the fasteners (Viera Junior, 2011), which is well represented in Winter’s test.  The advantage 
of determining the fixing stiffness, k, by using diaphragm tests is that local demands on fasteners 
and global shear on the sheathing are obtained (Schafer & Iuorio, 2008). 
Miller and Peköz (1994), studied the effect of board-to-stud connection on 13 and 16mm thick 
sheathing boards. They used a testing configuration similar to AISI and varied the edge fasteners 
distances of 19, 25 and 64 mm. The testing configuration is given in Figure 2.12. 
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Figure 2.12: Miller and Peköz  testing configuration (Miller & Peköz, 1994) 
They conducted 10 tests for different spacing between the fasteners with different plasterboard 
thicknesses. A steadily increasing tensile loading was applied through the steel C sections and 
the displacements were measured at time increments. These results were used by Schafer & 
Hiriyur (2002) and compared to the finite strip method. According to their findings, the shear 
stiffness of the sheathing board provides resistance to the in-plane deformation of the C section. 
Also, the shear stiffness was engaged either locally through deformation of the sheathing 
material at the screw location, or globally by deforming the entire sheathing board as a 
diaphragm. 
The diaphragm action of gypsum board was also studied by Fulop & Dubina (2004), leading to 
the conclusion that both strength and stiffness are increased up to 30% by the presence of the 
second gypsum wallboard, compared to the case with external sheathing board only. They also 
concluded that diaphragm action can replace classical bracing solutions in low-rise buildings, 
and in areas of low seismicity.  
More precisely, failure started at the bottom track in the anchor bolt region and therefore 
strengthening of the corner is crucial in order to maximise the shear resistance of the wall. The 
ideal shape of corner is such that uplift force is directing transmitted from the corner C section to 
the anchor bolt, without requiring the bending of the bottom track. Unstiffened wall panel 
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corners have an important effect on the initial flexibility of the system and can cause of high 
horizontal displacement and premature failure of the panel (Fulop & Dubina, 2004). 
An analytical method to determine the ultimate shear resistance of a light steel shear wall panel 
was presented by (Xu & Martinez, 2006), using different sheathing materials and steel sections. 
This method was compared with physical tests and showed good agreement. In these tests, the 
predominant failure mode was associated with the sheathing failure which was initiated at the 
sheathing-to-frame connections. For cold formed steel profiles less than 0.84mm thick, the 
failure mode changed and led to failure of the steel profiles, even though sheathing boards were 
attached on both sides of the wall. This was explained as by applying the sheathing board on 
both sides reinforced the panel strength, which therefore increased the compressive force in the 
C sections and led to the failure of the C sections in compression prior to failure of the sheathing 
in shear.  
The main failure modes of light steel walls sheathed with plasterboard were given by Pan & 
Shan (2011). The main failure modes are: 
1) Bearing failure of the sheathing material: As the forces were transferred between the 
cold formed steel sections and the plasterboard through the self-driven fixings, stress 
concentrations occurred at the bottom line of fixings, which led to the bearing failure of 
the sheathing material locally, as shown in Figure 2.13. 
2) Uplift failure at the wall: The fixings acting in shear ruptures the plasterboard totally. 
Also, the end stud due to the uplift of the frame was subjected to vertical force which 
caused additional shear deformation of the vertical row of fixings. This is also shown in 
Figure 2.13. 
3) Sheathing relative movement: The plasterboards were subject to in-plane rotation due to 
the shear loading, as shown in Figure 2.14, which led to shear deformation of the wall 
panel. 
4) Fracture of sheathing material: As illustrated in Figure 2.15, the plasterboards fractured 
at the intersection of the C and U profiles. This was because the plasterboards resisted 
additional compressive and tensile forces due to local buckling of the C and U sections. 
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Figure 2.13: Bearing failure of plasterboard and uplift (Pan & Shan, 2011) 
 
 
Figure 2.14: Rotation of plasterboard by tilting of fixings (Pan & Shan, 2011) 
 
 
Figure 2.15: Fracture of plasterboard in tension due to shear (Pan & Shan, 2011) 
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The effect of double layer wallboards on both sides of a cold formed shear wall was tested by 
Ye, et al. (2015) using different types of plasterboards in various arrangements. The main 
conclusion was that the walls sheathed with wallboards on both sides of the C section had 
significantly improved shear resistance compared to single layer boards. Also, differences in the 
types of sheathing boards significantly influenced the shear behaviour. Some tests were 
performed using strong types of plasterboard as a base layer board, which was attached to the 
flange of the C section and common gypsum board was attached on the outer face. For these 
walls, the shear resistance can be increased by 30% because of the contribution of the outer 
gypsum wallboards.  
Similar behaviour was obtained by (Nithyadharan & Kalyanaraman, 2012) who performed wall 
panel tests in shear with different plasterboard thickness. They stated that the initial stiffness was 
relatively constant for all cases, as in the elastic range, the stiffness is determined mainly by the 
elastic deformation of the frame. The average in-plane stiffness was 2.5 kN/mm for wall panels 
with C sections and boards of 12.5mm thickness. 
Although testing isolated wall panels is a convenient and cost-effective way in order to 
determine the shear resistance, it is difficult to validate that a wall panel tested in isolation will 
have the same behaviour of that in a real building. A study was performed (Liew & Duffield, 
2002) by providing additional hold down restraints on an isolated wall to replicate realistic 
boundary conditions and simulate wall continuity. The results showed that by adding two extra C 
sections to either side of the plasterboard panel, the shear resistance increased by almost 50%. 
This showed that the lateral stiffness of the system has a strong dependence on the uplift 
resistance produced by the corner walls.  
Tests on buildings using light steel framing were conducted (Gad & Duffield, 2000) using X-
braced straps and plasterboard in various configurations. For the configuration with braced straps 
without plasterboard, first yield occurred at a horizontal shear load of 5 kN at 2.4mm 
displacement (which corresponds to height/1000) and the maximum shear load was 9 kN. For 
plasterboard without bracing, first yield occurred at a shear load of 8 kN and failure at 23 kN. 
For plasterboard and bracing straps, first yield occurred at 13 kN and failure at 30 kN, which 
implies that the effect of the bracing strap and plasterboard are approximately additive.  
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A full two-storey building of 7m x 15.3m in plan and 5.8m in height was tested (Peterman, et al., 
2016) under seismic excitation in two configurations, as shown in Figure 2.16. In the first 
configuration, the lateral force resisting system of the house was left unsheathed with only the 
main shear walls covered by OSB in order to test its shear resistance. In the second configuration 
the building was completely fitted out and thus the influence of the sheathed walls could be 
determined.    
 
 
a) Test configuration 1 
b) Test configuration 2 
Figure 2.16: Shear performance test of full scale cold formed steel building (Peterman, et al., 2016) 
The results showed that the building is stronger and stiffer than the design method suggests, as it 
behaved as a complete system and not as individual shear walls. Also the floors contributed to 
the lateral stiffness and prevented uplift at holding down points. 
2.3 Shear design framed wall panels according to Eurocode 5 
For timber construction, Eurocode 5 provides two design methods for the determination of the 
shear (racking) strength of timber-frame wall systems, whose principles may be adopted for light 
steel framing. 
The first method, referred as Method A, was developed to suit the construction procedure where 
racking walls are fully anchored at their ends, which is a method commonly used in mainland 
Europe countries, but not in the UK. The second, called the assessment method, was attempt to 
convert the UK racking procedure referred to in BS 5268-6.1:1996 for shear walls, to a limit 
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state design procedure. Also, another method is used in BS 5268-6-1, based on physical testing 
data, called the testing method. 
Both methods used in BS 5258-6.1 consider the combined action of the sheathing material in the 
wall panel by calculating its basic racking resistance. A wide range of materials and combination 
of materials are placed into four categories, according to their racking resistance. Category 1 
corresponds to high resisting materials such as OSB types 3 or 4, while category 4 corresponds 
to low resisting materials, such as plasterboard. Also, the additional racking contribution of a 
secondary board attached can be calculated according to these four categories. This table giving 
the contribution of the boards in service conditions is presented in BS 5258-6.1:1996 and is 
given in Table 2.4. 
 
Table 2.4: Estimation of racking resistance at service load of board materials for  
design to BS 5268-6-1. 
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According to BS 5258-6.1, the plasterboard should be manufactured in accordance with BS EN 
520. The basic shear resistance is given by a relatively low value of 0.4 kN/m length of wall for 
fixings at 300mm spacing. Two layers of plasterboard contribute 0.6 kN/m which means that the 
second layer effects the stiffness by 50%. The shear resistance of OSB sheathing board is given 
as 1.68 kN/m in service conditions. 
Additional modification factors are used to take account of material parameters, such as nail 
diameter (K101), nail spacing (K102), board thickness (K103) and other wall geometric parameters 
such as height of wall panel (K104), length of wall panel (K105), contribution of framed openings 
(K106) and contribution of unframed openings (K107). 
Shear tests to BS EN 594:1996 and 2011 are accepted as the test procedure in the UK and are 
performed in three cycles, which are: A bedding-in test to 10% of predicted failure load, a 
stiffness test to 40% of failure load and a strength test to failure which includes a five minute 
constant load maintenance at 40% of the predicted failure load. The stiffness is obtained from the 
average of the stiffness cycle and the first part of the first cycle.  
A comparison of the test procedure to BS EN 594 and BS 5268-6-1 was made by Coste, et al. 
(2016). A series of 30 tests was performed on 2.4m square timber wall panels with OSB 
sheathing of 9,1 and 12.5mm thickness and with 80x38 or 90x45 timber sections in order to 
examine the effect of the two test procedures. The applied vertical load was 5 kN per timber stud 
although cases with zero vertical load were tested for comparison. The fixings were 3mm 
diameter x 50mm long and were placed at 150mm around the periphery of the board and 300mm 
internally. 
For tests to BS EN 594:1996, the basic shear resistance was in the range of 2.4 to 2.6 kN/m for 
walls with 5 kN axial load and 2 to 2.4 kN for zero axial load, which exceeded the design value 
of 1.68 kN/m in BS 5268-6-1. For tests to BS EN 594:2011, the basic shear resistance was in the 
range of 1.4 to 1.6 kN/m for walls with 5 kN axial load and 1.4 kN/m for zero axial load, which 
is less than the design value to BS 5268-6-1. This shows that the method of test influence the test 
resistance. The effect of the board thickness and timber stud size is relatively small and 9mm 
OSB was shown to perform better than the thicker board.  
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It was concluded that the 1996 test regime should be used and a proposal to adapt the 2011 test 
procedure was made. The relevance for the shear resistance of boarded walls with light steel 
framing is that the 1996 test procedure should be used and that an axial load of 5 kN may be 
applied per C section. Furthermore, because light steel framing is used in load-bearing 
applications, the K111 adaptation factor may be taken as 1.0. 
2.4 Cold formed steel walls in  compression  
Telue and Mahendran carried out a series of tests on the behaviour of steel wall frames in 
compression lined with plasterboard. This included 40 full-scale tests performed on wall frames 
(Telue & Mahendran, 2001).  The tests comprised of cold formed steel walls with boards on one 
and both sides. They investigated the contribution of the lining material to the local and overall 
buckling behaviour of the C sections. Their testing configuration is shown in Figure 2.17. They 
validated their testing results by finite element models, as shown in Figure 2.18.   
 
Figure 2.17: Telue and Mahendran testing configuration (Telue & Mahendran, 2001) 
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Figure 2.18: Telue and Mahendran Finite Element Model configuration (Telue & Mahendran, 2001) 
The findings from this research show that the compressive strength of the C sections increased 
significantly by the plasterboard sheathing on both sides. The screws started to fail as the pull-
through effect occurs where the studs failed between the fasteners near the top, with the 
plasterboard exceeding the ultimate strain of 0.007 (0.7%). The C section failure occurred by 
flexural torsional buckling. 
In their additional study in 2004, finite element analysis was used to simulate the test data. They 
also commenced a parametric analysis using this model. During this, two observations were 
made: Although the ultimate resistance of C sections did not depend on the spacing and the 
location of the first screw (provided it is within 100 mm spacing), the strength of the C sections 
was influenced by the spacing of the fixings (Telue & Mahendran, 2004). In order to estimate the 
load capacity of the system according to the spacing of fixings, the author defined the effective 
length factor (ELF).  These factors were expressed as the ratio of plasterboard fastener spacing to 
the overall stud length. For bare frames, it was shown that the screw which connects the top track 
to the stud is not a pin connection but in practice, it is partially restrained (Telue & Mahendran, 
2001). 
2.5 Rotational stiffness of connection between boarded C setions.  
In 2008, Schafer, Sangree and Guan conducted a series of cantilever tests in order to quantify the 
rotational restraint that different sheathing materials can provide. Their testing regime was based 
on AISI 2002 (see Figure 2.19). Using a hydraulic actuator, a vertical load was applied at the end 
of the flange, using loading straps.  The rotational angle θ, was measured and the connection and 
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sheathing stiffness were determined. Different types of sheathing materials were used like OSB, 
plywood and gypsum-board with different fastener spacing. 
The stiffness results for these series of tests shows that OSB and plywood have a higher bending 
stiffness compared to gypsum board. Although gypsum board provided a stiff response at small 
rotational angles (0.06 rad), it had much lower rotational capacity at larger angles (0.2 rad) 
(Schafer, et al., 2008). 
 
Figure 2.19:  Testing configuration of Schafer, Sangree and Guan to determine the rotational 
stiffness of fixings (Schafer, et al., 2008) 
At large rotations, the fasteners pulled-through the gypsum board as shown in Figure 2.20. For 
thicker steel joists, the rotational capacity also decreased (Schafer, et al., 2008).  
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a) Large rotation and pull-through failure b) Pull-through failure and fracture of the board 
Figure 2.20:  Failure modes of testing of the rotational stiffness of fixings on gypsum boards (Schafer, et al., 2008) 
2.6 Design of cold formed steel according to Eurocode 3 
The design of light steel structures has become very efficient both from the structural design and 
detailing from manufacturing point of view.  The former design standard was BS 5950-5, which 
has been in use since 1987 and is generally economic for light steel framed structures.  The 
introduction of BS EN 1993-1-3: Eurocode 3: Design of Steel Structures Part 1.3 – General 
Rules – Supplementary Rules for Cold Formed Members and Sheeting and its National Annex is 
more complex and cross-refers to other parts of Eurocode 3.  
2.6.1 Behaviour of cold formed members in compression 
The behaviour of cold formed C sections differ as thin plate elements tends to buckle locally 
under compression and therefore cold formed cross-sections are usually classified as “slender” or 
Class 4 in Eurocode 3, which practically means that they cannot reach their full compression 
resistance due to the dominance of buckling. Eurocode 3 use the “effective width method” in 
order to determine the effective section properties. According to this method, all the elements in 
compression are potentially reduced in width and the section properties are calculated from the 
reduced section. This effective width concept is described in Clause 4.4 of this standard and is 
represented by the ratio of the flange width to the web thickness or b/t. This ratio is less than 30 
for unstiffened members while for members with stiffeners can reach to 100 and represents the 
most efficient spacing between stiffeners.  
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In BS EN 1993-1-3, the effectiveness of edge stiffeners is also taken into account in compression 
using the “beam on elastic foundations” analogy. According to this method, the edge stiffener is 
supported by a ‘spring’ equivalent to the transverse bending stiffness of the adjacent flange.  The 
effectiveness of the spring determines the effective area of the stiffener, as illustrated in Figure 
2.21.  The advantage of the BS EN 1993-1-3 method is that it may be used to calculate the 
effectiveness of any stiffener depth within the range of application, but its disadvantage is that it 
is more complex and requires a process of iteration to obtain a solution (i.e. it is not normaly a 
‘hand’ method). 
 
 
a) Effective width in compression b) Spring stiffeners model 
Figure 2.21: Spring stiffness of edge stiffener (BS EN 1993-1-3) 
A rule of thumb is that edge stiffeners comprising a simple ‘lip’ or right-angle bend should not 
be less in depth than one-fifth of the width of adjacent plate element, if they are to be fully 
effective in providing longitudinal support to prevent buckling of the edge of the plate.  
2.6.1 Behaviour of cold formed members in shear 
Slender webs normally fail in shear by shear buckling.  BS EN 1993-1-3 refers to BS EN 1993-
1-5 for plate girders, and the maximum web depth before web buckling may control is given by 
hw  72tw, where tw is  is the web thickness and  =(235/fy)0.5 . The web slenderness ratio used to 
determine the shear buckling resistance is defined by: 


wt
wh
w
4.86
=  
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For w   0.83, the shear strength of the web is given by 0.83/ w  multiplied by the shear 
strength of the web, which is given in BS EN 1993-1-1 as equal to 3/yf , where fy is the steel 
strength. The shear buckling strength is then multiplied by the web area to determine the shear 
buckling resistance of the section. 
2.6.2 Behaviour of cold formed members in bending 
Webs of sections in bending are subject to varying compressive stress, reducing from a 
maximum at the junction with the flange to zero at the elastic neutral axis position.  Very deep 
webs can be influenced by local buckling in compression.  However, the varying stress in the 
web leads to a deeper plate element before buckling than compared to a plate element under pure 
compression.  The effective width concept is also used to determine the post-buckling bending 
resistance of deep webs by considering two separate zones adjacent to the neutral axis and to the 
compression flange.  This behaviour is illustrated in Figure 2.22. The effective web depth refers 
to the part of the web in compression rather than the whole web depth. In BS EN 1993-1-3, this 
effective depth beff is then divided into two zones given by 0.4 beff next to the compression flange 
and 0.6 beff next to the elastic neutral axis.  
 
Figure 2.22: Effective width for cold formed sections in bending (BS EN 1993-1-3) 
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This calculation is presented in Appendix III for one C section used in the tests. The relevant 
stresses are fy at the ultimate limit state and 0.6fy at serviceability limit state, where fy is the 
measure steel yield strength. 
2.7 Direct Strength Method in AISI standard 
The Direct Strength Method (DSM) was introduced into American Iron and Steel Institute (AISI) 
specifications, mainly based on computational analysis rather than using the effective width 
approach as Eurocode 3 implies. This means that in DSM, no effective width calculations and 
iterations are needed. 
DSM assigns the elastic buckling behaviour into three categories: local (subscript ‘l’), 
distortional (subscript ‘d’), and global (subscript ‘e’, where the ‘e’ stands for Euler buckling). 
For all buckling clases: local, distortional, global, if the elastic buckling value is high enough 
then the cross-section will develop its full capacity (i.e., the yield moment in bending, My, or the 
squash load in compression, Py). Elastic buckling analysis is performed by a computer software 
called CUFSM. The gross section properties are input and the slenderness parameter (Py/Pcr)
0.5 
are determined, which leads to the calculation of the buckling load that is directly integrated into 
DSM. This produces a more general method of designing cold-formed steel members, even with 
more complex sections, taking into account member boundary conditions as it gives an “exact” 
calculation of the buckling resistance. 
DSM is not appropriate for cases with web crippling as the method is mainly focused on the 
elastic buckling analysis for the entire cross-section, and not for the elements in isolation. In this 
case, if a small portion of the cross-section (a very slender element) initiates local buckling for 
the cross-section, DSM will predict a low strength for the entire member, Furthermore, DSM is 
not used in shear loading. Also any strength increase due to cold-work forming is not taken into 
account. 
2.8 Fixing behaviour in shear in wood frames 
Johansen (1949) was the first to study the behaviour of dowel type fasteners in wood, by 
establishing a theory predicting the failure modes and hence the resistance of the fasteners. This 
theory  is widely used by the timber codes and was based on the assumptions that at failure the 
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nail develops plastic hinges from the pressure of the surrounding timber. This means that the 
number of plastic hinges which occur, depends on the mode of failure (failure mode I has 0 
plastic hinges, failure mode II has 1 plastic hinge and failure mode III has 2 plastic hinges).  
Johansen stated that the key parameter which affects the failure mode of the fixing is the 
thickness of the plate and for that reason, two sets of equations were developed for thick and thin 
plates, regarding nail penetration t1 and diameter d, embedment strength of wood fh and yield 
moment of the nail My. These equations are given in Table 2.5 and are also used as the basis of 
Eurocode 5 to calculate the design resistance of joints based on dowel type fasteners.  
Plate Equation 
Failure 
mode 
Number of 
plastic hinges 
Schematic 
Thick 
𝑅 = 𝑓ℎ𝑡1𝑑 I 0 
 
𝑅 = 𝑓ℎ𝑡1𝑑 (√2 +
4𝑀𝑦
𝑓ℎ𝑑𝑡1
2 − 1) II 1 
 
𝑅 = 2√𝑀𝑦𝑓ℎ𝑑 III 2 
 
Thin 
𝑅 = 0.4𝑓ℎ𝑡1𝑑 I 0 
 
𝑅 = √2𝑀𝑦𝑓ℎ𝑑 II 1 
 
Table 2.5: Johansen’s equations for thin and thick plates 
In Table 2.5,  𝑡1 is the nails penetration length, 𝑑 is the diameter of the nail,  𝑓ℎ  is the embedment 
strength of the wood, 𝑀𝑦 is the yield moment of the nail. 
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2.8.1 Effect on connections in timber 
Although Johansen’s theory describes the fixing resistance locally, it does not describe the 
conditions in a group of fixings i.e. the minimum spacing required between the fixings. Eurocode 
5 (1998) provides minimum and maximum nail spacing for group fixings, in order to avoid the 
interaction and hence the high stress concentration between them, which will lead to shear 
failure. It recommends distances between nail fixings as 10𝑑 parallel to the grain and 5𝑑  
perpendicular to the grain. It also allows the application of a reduction factor of 0.7 on the 
distance in steel-to-timber joints. This is shown in Figure 2.23 for timber-to-timber and steel-to-
timber joints.  
  
a) Timber-to-timber joints b) Steel-to-timber joints 
Figure 2.23: Nail spacing given in Eurocode 5 (BS EN 1995-1-1) 
The effect of nail pattern and spacing was tested by Johnsson & Stehn (2004), who showed that 
the fasteners placed in groups, reduced the probability of plug shear in the joint. Also they stated 
that the forces in the first and the last fixing in a row parallel to the load direction are the ones 
most heavily loaded. Once these fixings fail, the force redistributes to the others which means 
that the resistance of each fixing is not evenly distributed and is less than the sum of each 
fastener individually.   
Similar tests were performed by Asimakidis (2012), who investigated the contribution of the nail 
pattern, number of nails and nail length in order to prevent brittle failure.  By changing the 
number of fixing and the pattern between them and by using x-ray technology, identical modes 
of failure were found as those described by Johansen.  Some images of these tests are given in 
Figure 2.24.  
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Regarding the thickness of the plate, Eurocode 5 suggests that in for order a plastic hinge to 
occur, the thickness of the plate should be larger than the diameter of the fixing, d. If it is less 
than 0.5𝑑, then no plastic hinge will occur, while for intermediate values, interpolation is 
allowed.  
   
 
 
 
Mode I 
Zero plastic hinges 
Mode II 
One plastic hinge 
Mode III 
Two plastic hinges 
Figure 2.24: Failure modes for wood-to-steel connection (Asimakidis, 2012) 
Tests on wood-to-steel connections were performed by Danielsson, et al. (2016) and were 
validated with Finite Element Analysis, comparing the test data with Eurocode 5 and Johansen’s 
theory.  It was found that test strength was often lower than the prediction of Eurocode 5. This 
was explained as since the steel connection was fixed only in one side of the timber member, the 
system was exposed to eccentric loading. This load eccentricity was not taken into account in 
Eurocode 5 and Johansen’s theory, which assume centric loading on the timber member. Further 
investigation on this aspect was conducted by a theoretical FE analysis that simulated a 
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symmetrically loaded connection. The results show a 40% increase in joint capacity compared to 
the unsymmetrical loaded case.  
The effect of using inclined screws as shear connectors was studied (Symons, et al., 2010), who 
concluded that both strength and stiffness of screws in both concrete and timber shear connectors 
can be increased if the screws are inclined in the direction of shear. The optimum resistance was 
attained when the screw was inserted at an angle of 300 to the direction of the force. For larger 
angles, plastic hinges occurred in the screws.  The same conclusions were made by Bejtka & 
Blass (2002). 
The embedment strength was tested for fasteners of 6.4 to 19 mm and compared to Eurocode 5 
equations (Kennedy, et al., 2014). The test set-up is shown in Figure 2.25. The results showed 
that the embedding strength was statistically significant for screws of 9.5mm and larger 
diameters.  This outcome was explained by the fact that a larger proportion of the tip of the 
screw was embedded into the wood, compared to smaller diameters.  The difference in the 
performance between threaded and non-threaded screws was also minimal. In terms of stiffness, 
the comparison generally showed no significant difference for a smooth shank compared to 
threaded portion. The comparison of the test results showed that Eurocode 5 tends to over-
estimate the embedment strength at low level and under-estimates at high level of stress. This 
finding was also observed by (Sawata & Yasumura, 2002), who found that the design value of 
embedding strength in the Eurocode 5 is accurate only up to 5mm displacement. 
 
Figure 2.25: Test set-up for determining the embedment strength of screws (Kennedy, et al., 2014) 
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Johansen’s theory is based on the assumption that both the dowel connector and the wood adopt 
a rigid-plastic behaviour, making the bending capacity of the connector an important parameter.  
The influence of bending capacity of dowel-type connectors was investigated (Blass, et al., 
2010), by comparing experimental results with the prediction method of the yield moment of the 
dowel type fasteners in timber according to BS EN 409:2009. The conclusion was that the 
fastener’s cross section was only partially plasticized during the tests and its bending capacity 
was lower than the predicted by BS EN 409. The reason for this under-estimation (Svensson & 
Munch-Andersen, 2016) is that Johansen’s yield theory does not include the contribution of  
friction between the timber member and the fastener at the deformed state. This phenomenon 
was also apparent in the case of inclined self-tapping screws (Bejtka & Blass, 2002), where the 
discrepancy was more than 20% and a modified capacity parameter was introduced in order to 
adjust for this difference. 
An investigation of the effects of screw diameter, screw type and end distance on the shear 
resistance of joints, using different types of strip steel screws and drywall screws was conducted 
(Eshagi, et al., 2013). The results showed that strip steel screws had 14% higher lateral resistance 
compared to “drywall” screws, from which it was concluded that screw type influence the lateral 
resistance. An increase in screw diameter resulted a small increase of only 0.8% in the lateral 
resistance. However, an increase in the end distance resulted in a 19% to 44% increase in the 
shear resistance.  
2.9 Summary of findings used in the research 
Although the fixing behaviour in shear on wood frame construction was established by Johansen 
(1949) and his method was adopted by Eurocode 5, there is lack of information regarding the 
behaviour of fixings on cold formed steel wall panels attached to plasterboard as sheathing 
material. This behaviour is investigated in this research by using Johansen’s principles as 
described in the literature and adapted to cold formed steel behaviour. Also, many researchers 
developed small push tests to study this behaviour (Fiorino, et al., 2007), (Peterman, et al., 
2012), (Shahi, et al., 2013), (Ye, et al., 2016), whose test configuration was adopted in this 
research for conducting similar push tests using different types of plasterboard. A similar testing 
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regime as described by (Sawata & Yasumura, 2002) for testing the embedment strength of 
dowels was taken into account in this research and adapted to meet the EN 383 testing criteria.  
For testing walls in shear, the diaphragm action principle was first described by Simaan and 
Peköz (1976) and was adapted to this research with the utilization of the diaphragm action theory 
for walls in shear. Also the main failure modes of light steel sheathed walls with plasterboard 
were described by (Fulop & Dubina, 2004), (Xu & Martinez, 2006), (Pan & Shan, 2011) and 
were taken into account in this study for better understanding of the failure mechanism.  
The literature search also showed that there was little test information on composite action of 
boards of different types and thin steel sections in bending based on the principles of partial 
shear connection, that is well developed for steel and concrete construction. The shear 
connection system in this context is the fixings and their local interaction with the boards in 
bearing, which is not addressed in the literature in terms of the development of composite action. 
The serviceability design criteria of BS EN 1993-1-3, 2006 were used to compare with the 
results of this research on light steel walls in bending and shear. 
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3. METHODOLOGY USED IN THIS RESEARCH 
This chapter presents the methodology used in this research, which includes five parts:  
1. Data collection from existing tests, particularly those on fixings to plasterboard, which 
involved close cooperation with the manufacturer Siniat and an understanding of EN 
tests to determine mechanical properties. 
2. Development of background theory for the elastic behaviour of walls in bending, walls 
and fixings in shear, extending to the plastic behaviour of fixings. 
3. Development of a representative test for walls in bending taking account of the stiffening 
effects of the boards and performing of a consistent set of parametric tests to compare 
with the theoretical models. The walls were 3.6m and 4.8m long and 1.2m wide. 
4. Creation of finite element models using Abaqus on the composite action of boards and C 
sections for walls in bending, for walls in shear and on fixings in shear to understand 
their mechanical behaviour and modes of failure. 
5. Comparison of tests, theory and FE models and development of design recommendations. 
The methodology for each part is described below. 
3.1 Methods of determining the material properties of plasterboard 
The mechanical properties of plasterboard may be characterised by the: 
• Elastic modulus in the machine (MD) or transverse cross directions (CD) 
• Compression strength in the two directions 
• Tensile strength as influenced also by the surface layers 
Two generic methods of tests are used to determine these properties, which are both adapted 
from tests on wood construction: 
1. BS EN 789: 2004 Timber Structures – Test Methods – Determination of mechanical 
properties of wood-based panels. 
2. BS EN 383: 2007 Timber structures – Test Methods – Determination of embedment 
strength and foundation values for dowel-type fasteners. 
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3.1.1 Compression test to EN 789 
The compression test in BS EN 789 uses a block of four bonded boards of 240mm height and 
50mm width in which the strain is measured over a gauge length of 100mm, as shown in Figure 
3.1. Tests may be performed in the machine (MD) or cross-direction (CD) of the boards. 
The elastic modulus is determined from the strain measured over a stress range corresponding to 
loads of 0.2 Fmax and 0.7 Fmax, where Fmax is the maximum load recorded in the test.  The 
compression strength is therefore: c = Fmax/(4d x 50) where d is the board thickness.  Often the 
failure mode involves development of diagonal cracks through the block of boards.  The tests 
were conducted in collaboration with Siniat and the results were analysed statistically to 
determine average and characteristic values (95% fracture) of the elastic modulus and 
compression strength.  
 
Figure 3.1: Method of test for compression properties to EN 789 (Retrieved from SINIAT) 
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The coefficient of variation of elastic modulus can be quite high (circa 15%) because of the 
inherent variability of the material.  For a typical plasterboard, the average value of Eb may be 
1900 N/mm2, and the characteristic value may be 1400 N/mm2.  The variability in the pure 
compression strength is much less (with a coefficient of variation of circa 5%).  The average 
compression strength may be 3.4 N/mm2, and the characteristic value may be 3 N/mm2.  The 
difference between MD and CD is such that the MD values are slightly higher (< 10%), as shown 
in Table 3.1. 
The stress-strain curve for a typical plasterboard in compression is shown in Figure 3.2.  The 
stress-strain behaviour is essentially linear up to about 0.95 Fmax and the maximum load is 
reached at a strain of about 0.2%.  Then, unlike concrete, the compression strength reduces 
rapidly (by 30 to 40%) with increasing strain to about 0.4% strain and then reduces more 
gradually with increasing strain.   
At a strain of 2%, the compression strength is about 30% of its maximum value. Although strains 
are generally not recorded above 2%, the ultimate strain of plasterboard in compression can be 
much higher (over 5% as evidenced by the EN 383 tests). 
Test results (in 
N/mm2) 
Machine direction (MD) 
Cross direction  
(CD) 
Eb fu Eb fu 
Average 1988 3.37 1787 3.05 
Characteristic 1372 2.97 1330 2.86 
Table 3.1: Test data obtained from compression tests on standard plasterboard 
Where: Eb  is the  elastic modulus of the board and  fu is the tensile strength of the board 
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Figure 3.2: Typical stress-strain curves for compression tests of plasterboard to EN 789 (Retrieved from 
SINIAT) 
3.1.2 Tensile test to EN 789 
An in-plane tensile test to EN 789 is performed using a ‘dog-bone’ shaped piece of board of 
30mm width and a 200mm flat position as shown in Figure 3.3.  The ends are 50mm wide x 
30mm deep to allow the specimen to be gripped by the test machine.  Strain is measured over a 
gauge length of 100mm.  Typical results are presented in Figure 3.4 and Table 3.2. 
 
Figure 3.3: Tensile test on boards to EN 789 (Retrieved from SINIAT) 
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Figure 3.4: Tensile test results for plasterboard to EN 789 (Retrieved from SINIAT) 
 
Test results (in 
N/mm2) 
Machine direction (MD) Cross direction (CD) 
Eb fu Eb fu 
Average 2200 1.8 1600 0.8 
Characteristic 580 1.6 960 0.7 
Table 3.2: Test data obtained from tensile test on standard plasterboard 
It is apparent that for a tensile test that the coefficient of variation in the elastic modulus is high 
(> 30%) whereas that of the tensile strength is low (circa 7%).  The stress-strain curves are 
relatively linear up to about 60% of the failure load that occurs at a strain of about 2%.  Then the 
failure mode is ‘brittle’.  The CD behaviour is more brittle than for the MD and the tensile 
strength in the CD are about 60 % less than in the MD. 
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3.2  Determination of the material properties of cold formed steel 
Tensile test were performed at the University of Surrey on the 90x35x0.9mm, 100x50x1.2mm 
and 146x35x1.2 mm cold formed C sections used in this research, in order to accurately obtain 
the stress-strain relationship of the strip steel. The dog-bone specimen was of standard width of 
10 mm, while strain gauges measured the change in strain for different applied force. The 
specimen was cut from the web of the C section and therefore not influenced by the cold forming 
process, which has the effect of increasing the yield strength of steel. The schematic of the test is 
shown in Figure 3.5, while the stress-strain graphs for the tested C sections of 146x35x1.2mm, 
100x50x1.2mm and 90x35x0.9mm are shown in figures 3.6, 3.7 and 3.8 respectively. The steel 
strengths are presented later on Table 5.1. The tensile strain at failure was only around 3% as can 
be observed in these figures. This implies low ductility on this highly cold worked strip steel.  
 
Figure 3.5: Cold formed steel tensile test regime 
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Figure 3.6: Stress-Strain graph for 146x35x1.2mm cold formed steel C section 
 
 
Figure 3.7: Stress-Strain graph for 100x50x1.2mm cold formed steel C section 
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Figure 3.8: Stress-Strain graph for 90x35x0.9mm cold formed steel C section 
The elastic properties of the steel C section were input in Abaqus, using a Young’s modulus of 
210 GPa. The non-linear behaviour of the steel was represented by reference points along the 
plastic zone (see green circles) and input in the software as stress-strain points in order to 
represent the plastic regime. A similar methodology was used for the plasterboard compressive 
and tensile behaviour.  
3.3 Methodology used for fixing behaviour in shear  
In this research, the stiffness and failure mode of fixings acting in shear between plasterboard 
and thin steel sections is investigated by simple theory and by finite element modelling. The 
behaviour of fixings acting in shear when fixed into plasterboard depends on the effective 
properties of the board material in compression at the base of the fixing and the contribution of 
the head of the fixing as it rotates. This behaviour is illustrated in Figure 3.9.  
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a)Dimensions b)Rotation of fixing c)Elastic stresses on fixing 
Figure 3.9: Behaviour of fixings in shear and elastic bearing stresses on plasterboard 
An elastic method is presented below to determine the stiffness of the fixings which uses the 
effective elastic modulus of the plasterboard determined from a ‘dowel’ test to EN 383, which is 
much lower than that of a pure compression test to EN 789. The deformation of the board is 
determined by finite element modelling as acting over a constant strain zone that is determined 
by finite element modelling, as described in Chapter 4. 
A plastic method is also presented to determine the ultimate shear resistance of fixings into 
plasterboard. The plastic failure model is based on rigid rotation of the fixing and uses a bearing 
strength that is also determined for dowel tests to EN 383. This can be adapted to include 
bending of the fixing in stiffer boards. 
The theory is compared to the results of finite element models using Abaqus for 3.5mm diameter 
fixings into 12.5mm thick plasterboard and also to tests on fixings in shear and dowel tests to EN 
383. A simplified formula for the shear stiffness of small diameter screws into plasterboard is 
also presented in Chapter 4.  
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3.3.1 Elastic theory for fixings in shear 
The fixing between the board and the thin steel plate tends to rotate under the action of shear 
force, F, due to the eccentricity of the line of action of the applied force in the plate and the net 
compression force in the board. This effect is illustrated in Figure 3.9. The fixing tends to rotate 
about the base of the head of the fixing so that roughly 80% of the board is in compression in the 
front of the fixing and the upper part and head act to resist the over-turning effect –see later 
results of Finite Element model in Chapter 4.  
Consider the elastic forces acting on the fixing due to pressure exerted by the plasterboard in 
compression on the front and rear face of the fixing. These stresses are illustrated in Figure 3.9(c) 
in which ye is the depth of the plasterboard that is in compression close to the steel plate. 
Without the contribution of the head of the fixing, the horizontal equilibrium of the external 
force, F, and the forces due to internal stresses is given by: 
F = 
( )







 −
−
e
2
ee
2
d
2 y
yy.
  
Where:  is the maximum compression stress acting at the base of the plasterboard 
  Φ is the fixing diameter  
  d is the board thickness (assuming the fixing projects through the board). 
Which becomes: 
𝐹 =  𝜎𝑑 (1 −
𝑑
2𝑦𝑒
)    (1) 
Bending equilibrium of horizontal forces acting on the fixing is given by: 
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 (2) 
Solving this equation leads to the depth of plasterboard in compression of:  ey = 2/3d, 
corresponding a point of rotation at two thirds of the fixing height above the base. Inserting ye 
into equation (1) the resulting fixing force is: 
F =  d.0.25   (3) 
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3.3.2 Including the head of the fixing 
The contribution of the head of the fixing is to resist overturning stresses under the head and also 
to partly resist shear. The stresses acting on the fixing are illustrated in Figure 3.10. 
 
Figure 3.10: Elastic stresses acting on the fixing into plasterboard including the head of the fixing 
Horizontal equilibrium of stresses under the applied shear force, F, is given by: 
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Where: Φh is the diameter of the head of the fixing and dh is the conical depth of the head. 
The average width of the head over this depth is 0.5dh. As a good approximation, take dh = Φ , 
equation (4) becomes: 
F = 
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The restoring moment due to the horizontal stress acting on the rear of the head of the fixing is: 
( )
( )
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h
h
e
e
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In the limit, reaches the compression strength of plasterboard in bearing, fc. 
An additional restoring moment on the head of the screw is due to the vertical stress under the 
head caused by rotation of the screw, which is given by: 
2
h
e
v


y
=  
Assuming that a pre-stress acts under the head of the fixing due to the fixing process, the 
restoring moment due to the vertical stresses on the base of the head of the screw is: 
( )
h
h
44
h
h2
64
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=M  (7) 
It follows that bending equilibrium of the forces acting on the fixing is given by: 
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From the above equation, equilibrium of the fixing is now given by a modified neutral axis depth 
of: 
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If for typical fixings, h = 2.6 and d/  = 3.6 and dh =, equation (8) gives ye = 0.8 d. This 
shows that with the contribution of the head of the fixing, the point of rotation of the fixing is 
raised to approximately 80% of the board thickness above the base. 
For this data, the applied force and bearing stress acting on the fixing are obtained from equation 
(5) as:  
Fel = 0.31  d.  (9) 
This leads to a 24% increase in elastic resistance or stiffness of the fixing compared to the case 
without the contribution of the head of the fixing. At the limiting bearing strength, fc, the elastic 
resistance is :  Fel = 0.31 d fc 
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3.3.3 Plastic theory of fixings in shear 
The equilibrium of plastic forces on a screw into plasterboard is illustrated in Figure 3.11. This 
method assumes that the fixing is subject to high deformation, and so the ultimate strength of the 
plasterboard in bearing is developed. This leads to the simplification of ‘rectangular’ stress bocks 
for analysis purposes.   
 
Figure 3.11: Plastic forces acting on a screw due to transfer of shear force from a steel section to plasterboard 
3.3.4 Equilibrium of forces, ignoring the head of the fixing 
Horizontal equilibrium for the shear force, F, acting on the screw is given by: 
 ( ) cppcp fdyfcydfyF  )2( −=−−=  (10) 
where py  =depth of plasterboard in compression from base of board for plastic stress block 
Bending equilibrium on the screw assumes that a compression force exists at the base and a 
restoring moment acting acts at the top of the screw. Equilibrium of the bending moment on the 
screw is maintained as follows: 
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Solving equations (10) and (11) leads to a point of rotation of yp = 0.71d, and so the shear force 
corresponding to plastic stress blocks is F= 0.42 fc d. Therefore, the plastic resistance of the 
screw is 68% higher than the elastic resistance when not taking account of the head of the screw. 
This agrees with Johansen’s equation for fixings into wood. 
3.3.5 Equilibrium of forces, including the head of the fixing 
Horizontal equilibrium for the shear force, F, acting on the screw including the head of the 
conical fixing of effective depth 0.5  is given by: 
 chcp ffdyF )(5.0)2(  −−−=  (12) 
Bending equilibrium on the screw assumes that a compression force exists at the base and a 
restoring moment acting acts at the top of the screw assisted by bearing under the head of fixing. 
Equilibrium of the bending moment on the screw is satisfied as follows:  
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where headcf ,  = bearing strength of head of the screw on the surface of plasterboard. The local 
bearing under the head of the screw is shown in Figure 3.9(c). 
It follows that the depth of the compression force, py , acting at the base of the fixing is given by: 
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Inserting equation (14) into equation (12) gives a shear resistance of: 
b
h
b
headb
h
hh fd
df
f
dd
F 
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

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
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

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



















−
−
+




 −






+= 5.01
)(6
)(
1141.1
5.0
,
2
33
 (15) 
For  3.2h  and cheadc ff /,  = 1.0, it follows that equation (15) is simplified as follows: 
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cfd
ddd
F 















−−

















+





+= 65.0143.113.1141.1
5.0
 (16) 
Example:  For  = 0.24d, it follows that: 
F = 0.55 fc d    (17) 
This leads to a 31% increase in compression resistance of the screw due to the head of the fixing. 
For the same data but cheadc ff /,  = 1.5:,  F = 0.59 fc d
 
 = 0.51 kN. This leads to a 41% increase 
of the screw due to the head of the fixing when a higher bearing strength under the head is 
considered. Formulas (9) and (17) are compared later with the results of the shear tests on fixings 
with plasterboard. 
3.4 Methodology used for cold formed steel C sections in bending 
The interpretation of the stiffening effect of plasterboard on cold formed wall panels was 
analysed by the SCI (Steel Construction Institute, 2014), giving a theoretical method which  
predicts the stiffness of a wall panel with boards attached on one or both sides. The scope of this 
method was to bridge the gap which arises by not considering the structural benefit that the 
sheathing material will add to the total stiffness of the system.  
For the purpose of this research, various models will be considered:  
• For plasterboards on both sides of the wall 
• For plasterboard on the compression side of the wall 
3.4.1 Elastic stiffness of C sections restrained by plasterboards on both sides  
For a C section connected to plasterboard on both sides by fixings, equilibrium of the forces and 
moments in the cross-section, illustrated in Figure 3.12, is satisfied by: 
 
 𝑀 =  𝑀𝑏 + 𝑀𝑠 + 𝐹(ℎ + 𝑑) (18) 
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where:   
𝑀 is the external applied moment 
 𝑀𝑏 is the moment resisted by the boards 
𝑀𝑠 is the moment resisted by the steel C section 
𝐹 
is the longitudinal compression force in the boards 
and tension in the steel section 
ℎ is the depth of the C section 
𝑑 is the thickness of the board 
 
 
 
a) Side view of C section showing slip of fixings b) Cross-section through the wall 
Figure 3.12: Equilibrium of forces with flexible fixings for boards on both sides (Steel Construction Institute, 2014) 
The curvatures of the boards and the steel section are the same, and the relative movement 
between the two depends on the slip that occurs at any position, x, along the C section, which are 
linked according to: 
bbbb
b
AE
F
h
sIsE
sMd
IE
M
dx
ds
+−−= 5.05.0  (19) 
 
s+ds
h
s+ds
d
d
dx b
F
F
F+dF
F+dF
M+dM
C section
M
t
x
slip = s
slip = s
(a) Side view of C section showing slip of fixings (b) Cross-section through the wall
s+ds
h
s+ds
d
d
dx b
F
F
F+dF
F+dF
M+dM
C section
M
t
x
slip = s
slip = s
(a) Side view of C section showing slip of fixings (b) Cross-section through the wall
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where curvature of the beam, 
SS
s
S IE
M
IE
M
IE
M
bb
b
comp
==    (20) 
 
and s is the slip at any position, x, on the span 
 x  is the distance from the from the support 
 As is the cross-sectional area of the steel C section 
 Ab is the cross-sectional area of the plasterboard = bd 
 b is the spacing of the C sections 
 Es is the elastic modulus of steel 
 Eb is the elastic modulus of plasterboard 
 Is is the second moment of area of the steel beam 
 Ib is the second moment of area of the plasterboard 
Solving equations (19) and (20) gives: 
( ) ( )
b
E bddh
F 
dhdx
ds
I E
M
comps
.
22
+
+
+
−=  (21) 
where n, is the modular ratio of steel to plasterboard = Es/Eb 
Inserting equation (18) into (21) gives: 
( ) ( )
b
Ebddh
 MM
dhdx
ds
I E
M
2
s
comps .5.0
2
+
−
+
+
−=  (22) 
But if M
I
I
M
comp
s
s 







=  from equation (20), then equation (22) becomes; 
( ) ( ) 







+
−
+
+
−=
b
s
2
comps
scomp
comps
E
E
bddhIE
 IIM
dhdx
ds
I E
M
5.0
)(2
 (23) 
When the screws are infinitely rigid, and so when ds/dx = 0, equation (23) reduces to a fully 
composite stiffness given by: 
( ) 






++=
s
b2
scomp E
E
bddhII 5.0  (24) 
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3.4.2 Elastic stiffness for flexible fixings  
The elastic stiffness of a C section with flexible screws is established from equation (23) but 
using a representative slip function along the span. As a good approximation for a uniformly 
loaded beam, it may be assumed that the applied moment, M, compression force, F, and slip, s 
vary according to sine and cosine functions with distance x along the section, according to: 
s = s  cos (x/L) 
M = M  sin (x/L) 
F = F  sin (x/L) 
F = 
L
xπ
sinsk 
π
L
L
xπ
cossk
x
o
=





  
where  s   is the end slip at x = 0 and = L and 
L
xπ
sins
L
π
dx
ds






=  
   M  is the maximum moment at mid-span 
F  is the maximum force in the plasterboard at mid-span 
 k  is the stiffness of the screws per unit length of the section 
 L  is the span of the C section 
The compression force in the boards at mid-span is given by: F  = sk
π
L






 (25) 
  
Inserting the above equations for ds/dx and F into equation (23) gives the following formula 
linking the mid-span moment and end slip: 
 
( ) 
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IE
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 (26) 
  
Re-arranging equation (26) leads to an end slip as a function of moment, M, as follows: 
( )



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
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
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
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(27) 
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Inserting the formula for ds/dx in terms of the end slip, equation (27) becomes: 
( ) ( ) 

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Combining equations (27) and (28) becomes: 
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Equation (29) leads to: 
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(30) 
  
The composite stiffness of the C sections taking account of the stiffness of the plasterboard and 
screws is given by: 
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This is simplified as follows for the composite stiffness including the effect of the fixing 
stiffness: 
( )


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(32) 
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3.4.3 Elastic stiffness of C sections restrained by plasterboards on one side 
This theory is based on the principles of composite beam design making assumptions about the 
relative stiffness of the boards and C section for composite action. For a C section connected to 
plasterboard on one side by screws, as shown in Figure 3.13, equilibrium of the forces and 
moments in the cross-section is satisfied by. 
M = Mb + Ms + F(h + d)/2 (33) 
The curvatures of the board and the steel section are the same, and the relative movement 
between the two depends on the slip that occurs at any position, x, along the C section, which are 
linked according to: 








++−−=
sAsE
F
AE
F
h
sIsE
sMd
IE
M
dx
ds
bbbb
b 5.05.0  (34) 
 
where  Curvature of the beam, 
SS
s
S IE
M
IE
M
IE
M
bb
b
comp
==  (35) 
  
a) Side view of C section showing slip of fixings b) Cross-section through the wall 
Figure 3.13: Equilibrium of forces with flexible fixings for board on one side (Steel Construction Institute, 2014) 
Solving equations (34) and (35) gives: 
( ) ( ) 






 +
+
+
+
−=
s
A
b
 A
s
 An
b
A
b
 Edh
F 
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I E
M
comps
/22
 (36) 
  
where  n  is the modular ratio of steel to plasterboard = Es/Eb . 
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It is argued that for plasterboard, the term EIb/n may be neglected as it is very small. 
 Equation (36) becomes:  
( ) ( ) 
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Inserting equation (33) into (37) gives: 
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If M
I
I
M
comp
s
s 

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
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
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
= , then equation (38) becomes; 
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When the screws are infinitely rigid, and so when ds/dx = 0, equation (39) reduces to a fully 
composite stiffness given by: 
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3.4.4 Elastic stiffness for flexible fixings 
Following the same procedure as in the case with double boards, the compression force in the 
board at mid-span is given by equation (25) which after re-arrangement with equation (20) leads 
to equation (26). Inserting the formula for ds/dx in terms of the end slip, equation (26) becomes: 
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Combining equations (27) and (41) becomes: 
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(42) 
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Dividing by 
comps
I E
M
, equation (42) leads to: 
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(43) 
The composite stiffness of the C sections taking account of the stiffness of the plasterboard and 
screws is given by: 
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This is simplified as follows: 
( )




















+








+








+
+=
k
b
E
bd
2
L
π
s
E
b
E
s
A
bd1
II
s
b2
E
E
bddh
scomp
25.0
 
(45) 
 
3.5 Methodology used for boarded cold formed steel walls in shear 
The shear flexibility of a shear diaphragm comprising suitable sheathing boards may be 
determined from two modes of deformation involving both translation and rotation of the boards 
added to the pure shear deformation of the boards.  
The shear displacement of the boards with rigid fixings is given by: 
GBt
Vh
ΔG =  (46) 
where B is the width of the wall panel, h is the height of the wall panel, G is the shear stiffness 
of the board = Eb/2.6, Eb  is the elastic modulus of the board and t  is the board thickness 
The additional shear flexibility of the panel according to these two modes of deformation is 
calculated as follows: 
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Mode 1:Translation of Frame Relative to Boards 
In this mode, the frame moves laterally relative to the boards which causes shear in the fixings at 
the top and bottom of the wall and locally in the vertical Cs. This behaviour is shown in Figure 
3.14.  
 
Figure 3.14: Translation of the frame relative to the boards (Steel Construction Institute, 2014) 
 
The length over which the C sections deform is dependent on their minor axis bending stiffness 
and fixing stiffness and spacing.  By using the ‘beam on elastic foundations’ analogy, the 
effective length of the vertical C sections that resists the horizontal shear force is given by: 
0.25
zzs
eff
4k/s
IE






=  (47) 
where Izz is the minor axis inertia of a C section, Es is the elastic modulus of steel = 210 
kN/mm2, k  is the stiffness of a screw in shear and s  is the spacing of the screws 
The horizontal displacement of the wall Δ1 is given by the combination of pure shear in the 
boards and slip in the fixings considered equally at the top and bottom of the wall: 
( )Bn
V(s/k)
2
Δ
effv
1
+
=

 (48) 
where b  = width of board (taken as 1200mm) 
nv = number of vertical Cs in the panel = 1
b
2B
+   
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The horizontal shear force resisted by a fixing at the top of the panel in this mode is: 
( )B1)(2B/b
V.s
eff ++ 
 (49) 
 
Mode 2: Translation of Frame due to Rotation of Boards 
In this mode, the individual boards rotate, which causes shear in the fixings to the vertical Cs, as 
shown in Figure 3.15. 
 
Figure 3.15: Translation of frame due to rotation of boards (Steel Construction Institute, 2014) 
The horizontal displacement at the top and bottom of the panel is given by 2/ 2 = h/ 2. 
The vertical displacement of the edge of the board is, v = Φb/2 and so v = 0.5 (b/h) 2. 
The restoring moment due to shear in the fixings at spacing, s is given by: 
Vh = b
2
v n
3
b
hb
s
k
Δ 





+  (50) 
It follows that the shear displacement for this mode is given by: 
 b/3hn
V
k
s
b
h
2
Δ
b
2
2
+






=  
(51) 
Where nb = number of boards in panel width = B/b  
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The shear displacements in the two shear modes plus the pure shear displacement are combined 
to give a total shear displacement of: 
Δ = Δ1 + Δ2 +ΔG (52) 
This leads to a total shear flexibility of the panel given by: 
( )
( )
  GBt
h
3bhn
(s/k)h/b2
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2(s/k)
V
Δ
 
b
2
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+
+
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+
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/
 (53) 
 
The shear stiffness of the wall panel is therefore:  
( )
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(54) 
The maximum vertical shear force that can be resisted by a fixing at the side of the panel in this 
mode is obtained when: 2v2 k.Δ
2h
b
kΔF 





== or:  
( )
( ) b/3hB/b
Vsh/b
F2
+

=  (55) 
The vector combination of shear forces on the fixings in the corner of the panel is given by: 
Fmax = (F1
2 +F2
2)0.5 ≤ Fel,d 
Where Fel,d = elastic shear resistance of a fixing = 0.5 FRd 
  FRd = design shear resistance of a fixing  
3.6 Methodology used for calculating the racking resistance to BS 5268-6-1:1996 
The equations for determining the design resistance on the two methods given in BS 5268-
6.1:1996 are shown below: 
Assessment Method: 𝑅𝑎𝑐𝑘𝑖𝑛𝑔 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  𝑅𝑏1 × 𝐿 × 𝐾𝑚 × 𝐾𝑤   
Testing Method: 𝑅𝑎𝑐𝑘𝑖𝑛𝑔 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  𝑅𝑏2 × 𝐿 × 𝐾𝑤   
Where: 𝑅𝑏1 is the basic racking resistance in kN/m from the above table 
𝑅𝑏2 is the basic racking resistance in kN/m from tests 
𝐿 is the wall length in m 
𝐾𝑚 are material modification factors (K101, K102 and K103) 
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𝐾𝑤 are wall modification factors (K104, K105, K106 and K107) 
Testing methods generally follow BS EN 594:1996. According to this, the second load cycle is 
dominant for calculating the stiffness of the wall panel, while the critical load for the stiffen 
cycle is 40% of failure. The first load cycle is stabilised at 10% of failure load and eliminate any 
potential slip and construction gaps. The last load cycle leads to failure. This is graphically 
represented in Figure 3.16. 
 
Figure 3.16: BS EN 594:1996 racking test load cycle regime  
To calculate the basic racking resistance for the test method, the racking strength load has to be 
determined, which is: 
𝐹𝑓𝑎𝑖𝑙 =
𝐹𝑚𝑎𝑥,𝑚𝑖𝑛 × 𝐾109
𝐹𝑜𝑆
 (56) 
Where: 
𝐹𝑚𝑎𝑥,𝑚𝑖𝑛  is the maximum or minimum shear load achieved during the tests (in kN) 
𝐹𝑜𝑆 is the factor of safety for the type of sheathing. Typical values are: 2.4 for plasterboard and 
1.6 for other materials  
K109 is a modification factor to account for the number of similar tests 
The basic shear resistance then is calculated as: 
𝑅𝑏2 =
min{𝐹𝑠𝑡𝑖𝑓𝑓 , 𝐹𝑓𝑎𝑖𝑙}
2.4 × 𝐾111
 (57) 
 PhD Thesis: Modelling of the stiffening effects of boards on cold-formed steel wall panels 
  
 
                                                                  
Marios Stergiopoulos                                                                                                    P a g e  | 87 
 
Where K111 is a modification factor to account for vertical loading on the studs 
As can observed from the above, the determination of the test racking stiffness can have a direct 
effect on the determination of the basic racking strength and consequently on the design racking 
resistance of the timber frame wall. Therefore, any modifications in the test method or 
calculation method of the racking stiffness that will influence stiffness behaviour have the 
potential to affect the racking design strength of the panel (Coste, et al., 2016). 
3.7 Methodology used for finite element analysis 
The Finite Element Analysis (FEA) method was used in this research to validate the test results 
with the theory. Having achieved sufficient accuracy, the validated models were used for further 
parametric analysis on different aspects that influence the behaviour of the system. By setting up 
a series of finite element models, all these parameters were quantitated and their effect within the 
system was better evaluated.  
Abaqus FEA software was used to perform linear and non-linear physical analysis, mainly 
focusing on static response of the structure. Both explicit and implicit analysis methods were 
used according to the nature of the problem. In implicit analysis, a solution of each step requires 
a series of trial solutions (iterations) to establish equilibrium within a certain tolerance. In 
explicit analysis, no iteration is required as the nodal accelerations are solved directly. Explicit 
analysis used to handle nonlinearities which include treatment of contact and material 
nonlinearities, which were dominant in the analysis of the behaviour of fixing in shear. Also, 
explicit analysis is step dependent while in the implicit method time steps are generally several 
orders of magnitude larger than explicit time steps.   
The stages followed in finite element analysis method were:  
• Pre-processing or modelling: This stage involves creating a model which contains an 
engineer's design for a finite-element analyzer (also called "solver"). 
• Processing or finite element analysis: This stage runs the solver file and produces an 
output visual file. 
• Post-processing or generating report, image, animation, etc. from the output file: This 
stage is a visual rendering stage which presents the results of the analysis. 
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4. FIXING BEHAVIOUR IN SHEAR BASED ON TESTS AND FINITE ELEMENT 
ANALYSIS 
The behaviour of fixings in shear on cold formed steel C sections connected with plasterboard is 
investigated in this chapter. For better understanding, two different series of tests were 
conducted. The first series was related to EN 383 dowel bearing test to determine the bearing 
strength of a fixing without the head, acting as a dowel, when embedded into plasterboard. The 
second series was related to a headed fixing behaviour in a cold formed steel to plasterboard 
connection, using a standardised push test regime. Both test series results were validated using 
finite element analysis. A parametric study was also conducted to investigate the stiffening 
effects of the head and diameter of the fixing, the thickness of plasterboard and steel C section 
and level of fixity of the fixing to the C section. 
4.1 EN 383 dowel bearing test  
The EN 383 test is a different form of test which relates to the behaviour of fixings acting in 
bearing as ‘dowels’ in which the gypsum in front of the dowel is compressed. This is analogous 
to the behaviour of fixings in shear but involves only horizontal movement of the fixing into the 
board rather than rotation, as would be the case for a fixing in shear.  This test arrangement and 
failure mode is shown in Figure 4.1. The test piece is a rectangular block of plasterboard.  Load 
is applied through a dowel that is loaded on both sides by a steel capping piece.  The movement 
of the capping piece is measured.  The minimum dimensions for bolts or dowels into boards are 
as follows: 
• Edge distance (side)  3Φ 
• Edge distance (top)  7Φ 
• Board length   14Φ 
where Φ is the bolt or dowel diameter. 
A pre-load cycle of up to 0.4 Fmax is applied (Fmax is the estimated value of the maximum load).  
The load is then reduced to 0.1 Fmax and re-applied gradually until a maximum displacement of 
5mm is reached over a minimum of 5 minutes load duration. 
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The bearing strength of the fixing into the board is determined simply from:  
fb= 
d
Fmax
.
 (58) 
  
Figure 4.1: Dowel test for fixings in bearing to EN 383 (retrieved by SINIAT) 
The elastic modulus is determined over the second load cycle over the force range from 0.1 Fmax 
to 0.4 Fmax. Because of the relatively high bearing pressure under the bolt or dowel, which can 
reach over 20 N/mm2, the elastic modulus measured by this test is also much lower because of 
the locally high deformation and damaged gypsum in front of the fixing.  
The load-deflection curve obtained from an EN 383 test is shown in Figure 4.2.  Strains cannot 
be determined directly from the EN 383 test without knowing the zone of influence of the strain 
in the board in front of the fixing.  The initial elastic modulus from an EN 383 test is typically  
Eb = 400 N/mm
2, which is much less than that in pure compression to EN 789. The elastic 
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modulus in bearing is typically 0.2 Eb to 0.3 Eb, where Eb is the elastic modulus measured from 
the test regime in EN 789. 
The stress distribution around the dowel is non-uniform and the bearing stresses are highest on 
the centre-line of the bolt or dowel and at the middle of the board. The high bearing strengths at 
larger deformations also result in some outward bulging of the board.  For small diameter bolts 
and use of stiffer boards, the dowel can also bend.  A range of bolt or fixing diameters of 2.5 to 
5mm was used at the parametric study. For a 3.5mm diameter dowel into 12.5mm board, the 
bearing resistance of the fixing is typically around 750N, as shown in Figure 4.2 corresponds to 
bearing strength of 17 N/mm2 using equation (58). 
 
Figure 4.2: Results for 3.5mm diameter dowel in bearing on 12.5mm plasterboard tests to EN 383 
(retrieved by SINIAT) 
 
The results provided by Siniat for two specialist plasterboards, WDB and for La Dura are given 
in Tables 4.1 and 4.2 respectively. It is apparent that the bearing strength reduces with dowel 
diameter and also slightly with board thickness. The influence of the bolt diameter is apparent 
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because the bearing stress is expressed as an average value over the projected diameter of the 
fixing.  
Also, local bearing stresses are significantly higher at the centre-line of the fixing. Further test 
comparisons for different types of boards provided by Siniat are also presented in section 4.1.4  
 
Bolt dia. 
 
Characteristic bearing strength 
fb,k (N/mm
2) 
9.5mm board 12.5mm board 
2.5mm 24.7 24.0 
3.0mm 21.5 18.5 
3.5mm 18.8 15.5 
Table 4.1: Test results for dowels in WDB plasterboard to EN 383 
 
 
Bolt dia. 
 
Bearing strength of dowel on board (N/mm
2) 
12.5mm board 15mm board 
3.0mm bf  = 25.4, fb,k = 19.4 - 
3.5mm bf  = 25.0, fb,k = 21.4 bf  = 27.2, fb,k = 23.2 
4.0mm - bf  = 21.3, fb,k = 20.0 
Table 4.2: Test results for dowels in La Dura plasterboard to EN 383. 
 
Where: 
 bf = average bearing strength based on the diameter x board thickness 
 fb,k = characteristic strength of the gypsum board from the tests  
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4.1.1 Finite element analysis for fixings in shear against tests to EN383  
The data obtained from the EN 383 test for the bearing resistance and stiffness of dowels or rods 
into boards were used to calibrate the results of finite element modelling of fixings in shear and 
therefore to determine the zone of influence of the deformation in front of the fixings.  The EN 
383 test is a simplified stress regime in comparison to the rotational behaviour of a fixing acting 
in shear and therefore eliminates some of the variables (such as the contribution of the head of 
the fixing).  It gives a way of understanding the local behaviour of the material (gypsum) that is 
compressed in front of the fixing, which is similar to the base of the fixing acting in shear. 
Finite element model was set up in Abaqus for analysing the general case of 3.5mm diameter 
dowel into 12.5mm thick plasterboard. The model size was taken as 30mm deep x 50mm wide to 
avoid deformation at the boundaries which would affect the stiffness of the dowel.  Half of the 
fixing was modelled with an elastic modulus of twice that of the whole area of the fixing.  The 
use of half of the fixing was done in order to allow for separation between the fixing and the 
board on the unloaded faces.  
Regarding boundary conditions, the sides of the plasterboard was restrained in the direction 
perpendicular to the loading while the top face of the plasterboard was only allowed to move on 
the loading direction (vertical). The base of the plasterboard was pinned in all directions 
(Ux=Uy=Uz=0) 
All the parts of the model (plasterboard, steel plate, screw and metallic ring) were meshed with 
C3D8R solid elements using structured meshing type. The elements which had failed due to 
excess loading could be excluded as the analysis progressed. This type of meshing consists of an 
8-node brick, which is suitable for non-linear analysis including contact and large deformations 
(Abaqus User Manual, 2014). A mesh sensitivity study was conducted and a finer meshing of 
0.5mm was applied at the interaction areas between the plasterboard and the fixing, as this gave a 
better convergence. Proper partitioning of the plasterboard was created to control the meshing at 
the interaction zones in order to create a more structured and symmetrical meshing result. 
The load was applied at the top of the dowel as a pressure load to avoid excess local distortion on 
the overstressed nodes and to secure that the load is diffused uniformly, and appropriate 
boundary conditions were applied on the surfaces at the symmetric planes.  
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In this study, dynamic explicit non-linear analysis method was used in order to permit 
progressive damage where failure of the material, contact interactions and large deformations 
take place. In this analysis the plasterboard and steel densities of 71.5 kg/m3 and 7500 kg/m3 
were used respectively. The modelisation o plasterboard properties for this type of analysis are 
described below.  
4.1.2 Modelisation of plasterboard properties on FEA  
As plasterboard is a brittle material and has similar mode of failure as concrete, the modelling 
technique used in this study to simulate its properties is based on Concrete Damaged Plasticity 
(CDP). This has the potential to simulate the post–elastic and un-loading behaviour of a material 
in both tension and compression by introducing damage characteristics. In the damage condition, 
the stiffness of the material progressively reduces. When its stiffness reaches very low levels, the 
element is removed from the analysis and is therefore eliminated from the meshing.  
The Abaqus model used the stress-strain properties of the board that were interpreted from the 
EN 383 tests.  The initial elastic modulus was set at a value in the range of 1000 to 6000 N/mm2. 
The compression strength was determined directly from the EN 383 test. 
In order to simulate the plastic and un-loading regime of the plasterboard, damaged parameters 
were used to represent the level of degradation of the initial elastic stiffness of the material.  
This degradation is characterized by two damage variables 𝑑𝑡 and 𝑑𝑐  for tension and 
compression respectively.  Both take values starting from zero, which represents the undamaged 
material, up to one, which represents the total loss of strength (Abaqus User Manual, 2014). The 
input parameters were the elastic modulus 𝐸𝑜 , compressive stresses 𝜎𝑐, inelastic strains 𝜀?̃?
𝑖𝑛 and 
damage parameters 𝑑𝑐 for every stress value. The total strain 𝜀𝑐 then is taken with respect to 
inelastic strain using: 
𝜀?̃?
𝑖𝑛 = 𝜀𝑐 − 𝜀𝑜𝑐
𝑒𝑙         (59) 
Where 𝜀𝑜𝑐
𝑒𝑙  is the elastic strain which is calculated by  𝜀𝑜𝑐 
𝑒𝑙 = 𝜎𝑐 𝐸𝑜⁄ . 
Furthermore, the compressive damage parameter  𝑑𝑐 ,is defined as the ratio between the elastic 
and the total strain. In each iteration, Abaqus calculates the plastic strain using: 
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𝜀?̃?
𝑝𝑙 = 𝜀?̃?
𝑖𝑛 −
𝑑𝑐
(1 − 𝑑𝑐)
𝜎𝑐
𝐸𝑜
      (60) 
These terms are illustrated in Figure 4.3. 
 
Figure 4.3: Compressive stress- strain curve for concrete damage plasticity (Abaqus User Manual, 2014) 
As the material becomes more plastic, the damage variable is taking effect by reducing the initial 
elastic modulus by: (1 − 𝑑𝑐)𝐸𝑜 . From equation (60) it is apparent that if this term becomes very 
small, the plastic strain may take negative values. Therefore, corrective measures are taken to 
ensure that the calculated plastic strain is neither negative nor decreasing with increased stresses 
(Abaqus User Manual, 2014).  
In order to accurately simulate the plastic damaged behaviour of the plasterboard, some other 
constitutive parameters were used. The Poisson’s ratio gives the volumetric change of a material 
when the stresses are below the ultimate value, but when the stresses exceed this value, an 
increase in plastic volume occurs (Chen, 1982).  
This behaviour is represented by the dilation angle, which is the expansion angle of the sheared 
material. In this study, the dilation angle is taken as 50 in the sensitivity analysis, compared to the 
dilation angle of 200 for concrete (Nguyen & Kim, 2009). 
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 The ratio of initial biaxial compressive yield stress to initial uniaxial compressive yield stress 
(𝜎𝑏0 𝜎𝑐0⁄ ) and the ratio of the second stress invariant of the tensile meridian to compressive 
meridian (𝐾𝑐) are taken with their default values of 1.6 and 2/3 respectively (Abaqus User 
Manual, 2014). The eccentricity (𝜖) of the plastic surface has also taken as the default value of 
0.1. The same principles apply in modelling the tensile behaviour of plasterboard as was done in 
compression on the EN 383 test. The young’s modulus 𝐸𝑜 , tensile stresses 𝜎𝑡 , cracking strains 
𝜀?̃?
𝑐𝑘 and damage parameters 𝑑𝑡 were input in the software, while the cracking strain is calculated 
from the total strain using the following equation: 
𝜀?̃?
𝑐𝑘 = 𝜀𝑡 − 𝜀𝑜𝑡
𝑒𝑙            (61) 
Where 𝜀𝑜𝑡
𝑒𝑙  is the elastic strain which is calculated by  𝜀𝑜𝑡 
𝑒𝑙 = 𝜎𝑡 𝐸𝑜⁄  
The tensile damage parameter  𝑑𝑡 ,is defined as the ratio between the cracking and the total 
strain. During each iteration, Abaqus calculates the plastic strain using the following equation: 
𝜀?̃?
𝑝𝑙 = 𝜀?̃?
𝑖𝑛 −
𝑑𝑡
(1 − 𝑑𝑡)
𝜎𝑡
𝐸𝑜
       (62) 
A graphical representation of these parameters in tension is given in Figure 4.4. 
 
Figure 4.4: Tensile stress- strain curve for concrete damage plasticity (Abaqus User Manual, 2014) 
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The accuracy of damage parameters is checked in the software, in order to avoid negative or 
decreasing tensile plastic strain values, which would lead to error messages, proper corrective 
actions were performed. Figure 4.5 shows the final stress-strain curve that was input for the 
plasterboard in tension. 
 
Figure 4.5: Stress-strain curve of plasterboard in tension used in the Abaqus model 
Similarly, using equation (62) the stress strain graph was derived for plasterboard using Concrete 
Damage Plasticity method, shown in Figure 4.6. 
 
Figure 4.6: Stress-strain curve of plasterboard in compression used in the Abaqus model 
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The final values for inelastic strains 𝜀?̃?
𝑖𝑛 and damage parameters 𝑑𝑐 are given in the Table 4.3.  
Indicative force-displacement results from the finite element analysis using 2.5 and 3.5mm 
dowels in WDB plasterboard are given in Figure 4.7.  
 
Figure 4.7: Force-displacement graph from EN383 FE model on WDB for two dowel diameters 
Stress (N/mm2) Inelastic Strain  𝜀?̃?
𝑖𝑛 Damage  𝑑𝑐 
1.0 0 0 
1.5 0.0015 0.1521 
2.5 0.0045 0.3904 
3.6 0.0084 0.6031 
3.3 0.0107 0.6918 
3.0 0.0130 0.7607 
2.5 0.0155 0.8182 
2.1 0.0179 0.8604 
1.7 0.0216 0.9071 
1.5 0.0235 0.9246 
Table 4.3: Inelastic strain and damage values in compression used in Abaqus as adapted to plasterboard 
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The stress-strain graph was obtained by dividing the force by the projected horizontal area of the 
dowel. The strain was determined by dividing by the zone of effective constant strain that was 
taken as 1.5 x diameter of the dowel, given in section 4.1.2. This is presented in Figure 4.8 for 
the two dowels and the graphs are almost coincident. 
 
Figure 4.8: Stress-strain graph determined from an EN 383 FE model on WDB for two dowel diameters 
 
4.1.3 Parametric study of dowels  
After setting up the model of dowels embedded into plasterboard, a parametric analysis was 
conducted. The parameters in this investigation of fixings in bearing to simulate the EN 383 test 
were: 
• Elastic modulus of board, Eb = 1000 to 6000 N/mm2  
• The zone of influence for dowel displacement of approximately 0.3mm, 0.6mm and 
1mm, which correspond to three serviceability levels. 
The in-line displacements below the dowel level are shown in Figure 4.9 at a small displacement 
of 0.33mm and in Figure 4.10 at 1mm displacement.   
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Figure 4.9: In –line displacement of board in front of the fixing at a displacement of 0.33mm 
 
 
Figure 4.10: In –line displacement of board in front of the fixing at a displacement of 1.0mm 
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The bearing stresses on the surface of the board are shown in Figure 4.11. It is apparent that 
these stresses are highest at the centre-line of the fixing and towards the middle of the board.  
This is because of the higher degree of confinement of the gypsum locally.  The outer surface of 
the board bulges at higher displacement and so the edge support to the dowel reduces. 
 
Figure 4.11: Bearing stresses on board in front of the dowel for a displacement of 1.0mm 
 
The local bearing stresses locally are very high (> 20 N/mm2) which are higher than average 
strength according results of the EN 383 test.  
4.1.4 Parametric study results  
The output of Abaqus focused on the in-line displacement of the board at various distances from 
the edge of the dowel, is shown in Figure 4.12, for displacements of 0.33, 0.56 and 1.0 mm and a 
typical board elastic modulus of Eb = 3000 N/mm
2. 
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Figure 4.12: In-line displacement of board in front of the fixing (for Eb = 3000 N/mm
2) 
From this displacement, the strain was determined as the relative movement between adjacent 
nodes, as shown in Figure 4.13. 
 
Figure 4.13: Strain in the board in front of the fixing (for Eb = 3000 N/mm
2) 
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The relative strain was then calculated. This is normalised by setting the strain next to the dowel 
as 1.0, as shown in Figure 4.14. The area under the graphs of relative strain give a measure of the 
zone of influence in front of the dowel which is presented in Table 4.4. 
 
Figure 4.14: Relative strain in front of the dowel (for Eb = 3000 N/mm
2) 
 
Board elastic modulus, Eb 
(N/mm2) 
Dowel displacement  
0.33mm 0.56mm 1.0mm 
1000 1.75 1.45 1.9 
2000 1.3 1.5 1.9 
3000 1.25 1.6 1.9 
6000 1.2 1.45 1.5 
Table 4.4: Zone of influence of constant strain in front of the dowel based on the FE results 
From the above table, the average zone of influence in front of the dowel is taken as 1.5, which 
gave the most accurate results during finite element analysis. 
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From these results, it is apparent that the zone of influence of constant strain increases with 
increasing displacement and therefore with increasing strain. The zone of influence also reduces 
slightly with increasing elastic modulus of the board. The load-displacement curve obtained from 
Abaqus closely follows the test displacement to EN 383, as shown in Figure 4.15. This shows 
that the material characteristics are correctly input.   
 
Figure 4.15: Comparison of force-displacement result from EN 383 test with prediction from FEA 
4.1.5 Empirical equation to physical tests of dowels to EN 383  
The focus of this research is to propose an empirical formula which calculates the stiffness of a 
dowel-type fastener embedded into the plasterboard.  Although the load-displacement curve was 
obtained from the EN 383 tests as shown in section 4.1, the strains cannot be determined directly 
from the EN 383 test without knowing the compressive zone in front of the dowel as the stress 
distribution around the dowel is non-uniform. Therefore, a zone of influence of the strains in front 
of the fixing has to be established based on the finite element results given above. This zone of 
influence was measured in the model very accurately when the compressed plasterboard was in 
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the linear stage from 0.33 to 1mm of displacement as shown in Figure 4.12. After that the relative 
strain in front of the board was calculated and the area under the graph on Figure 4.14 was 
measured for each of the three dowel displacements. This area represents the zone of influence 
under the fixing. Using the same procedure, the zone of influence was established for a wider 
range of board elastic moduli ranging from 1000 to 6000N/mm2 as shown in Table 4.4. 
Based on the finite element results given above, the stiffness of the dowel is given with 
reasonable accuracy by the empirical formula below using the calculated zone of influence:  
EN 383 test (for dowels):    𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 (63) 
Where 𝑘 is the dowel stiffness in N/mm, 
The equation is based on three parameters which are controlling the compression zone of 
influence of the dowel into the plasterboard, as resulted from the finite element analysis. These 
parameters are: 
• 𝛷 is the dowel diameter in mm 
•  𝑑 is the board thickness in mm 
•  𝐸𝑏  is the elastic modulus in N/mm
2. 
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4.1.6 Comparison of empirical equation to physical tests of dowels to EN 383  
The empirical formula (63) is compared with physical EN 383 tests provided by Siniat on 
different types of plasterboard and dowel diameter, which are shown in Tables 4.5 to 4.26.  
The stiffness is determined from the first cycle of loading which is used to compare with the 
empirical formula. The second cycle of loading is also presented and this is on average over 
twice the stiffness of the first cycle. The first cycle is considered to be more realistic in this case. 
The stiffness was based on a deflection corresponding to 0.1 and 0.4 of the failure load, which is 
in the serviceability range.  
Table 4.5: Dowel test: La Dura d=12mm,  𝜱 =2mm (Eb=3200 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
Ladura_test68 2352 6220 
 
2859 
 
(98% correlation) 
Ladura_test69 3028 7825 
Ladura_test70 3250 6700 
Ladura_test71 3046 7925 
Average 2922 7168 
 
Table 4.6: Dowel test: La Dura d=12mm, 𝜱 =3mm (Eb=3200 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
Ladura_test62 3484 8625 
3501 
 
(98% correlation) 
Ladura_test64 3384 6860 
Ladura_test65 3566 6820 
Ladura_test66 3423 6860 
Ladura_test67 3972 6820 
Average 3566 7197 
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Table 4.7: Dowel test: La Dura d=12mm, 𝜱 =3.5mm (Eb=3200 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
Ladura_test43 3710 10560 
3782 
 
(99% correlation) 
Ladura_test44 3905 13225 
Ladura_test45 4033 10160 
Ladura_test46 4335 11300 
Ladura_test47 3388 9260 
Ladura_test48 3831 9260 
Ladura_test49 4080 9220 
Ladura_test50 3283 9221 
Average 3821 10276 
 
Table 4.8: Dowel test: La Dura d=15mm, 𝜱 =2.5mm (Eb=3200 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
Ladura_test40 3906 10600 
3737 
(96% correlation) 
 
Table 4.9: Dowel test: La Dura d=15mm, 𝜱 =3.5mm (Eb=3200 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
Ladura_test27 4835 10600 
4421 
 
(98% correlation) 
Ladura_test28 4400 13400 
Ladura_test29 5007 10840 
Ladura_test30 5014 17766 
Ladura_test31 3150 13525 
Ladura_test32 5000 13475 
Ladura_test33 4176 13250 
Ladura_test35 4506 8950 
Average 4511 12725 
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Table 4.10: Dowel test: La Dura d=15mm, 𝜱 =4mm (Eb=3200 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
Ladura_test38 4726 13375  
Ladura_test39 4393 11320 
4726 
 
(91% correlation) 
Ladura_test41 4381 13550 
Ladura_test42 3722 10118 
Average 4306 12090 
 
Table 4.11: Dowel test: Megadeco d=15mm, 𝜱 =2.5mm (Eb=2800 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
mdc_test20 3680 7250  
mdc_test21 3760 7425 
3449 
 
(89% correlation) 
mdc_test22 3944 7425 
mdc_test23 4011 5980 
mdc_test24 3903 8071 
Average 3860 7230 
 
Table 4.12: Dowel test: Megadeco d=15mm, 𝜱 =3mm (Eb=2800 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
mdc_test0 3825 7220  
mdc_test1 3526 9713 
3778 
 
(95% correlation) 
mdc_test2 3783 8197 
mdc_test3 3209 9927 
mdc_test4 3468 8795 
mdc_test5 3747 8211 
Average 3593 8677 
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Table 4.13: Dowel test: Megadeco d=15mm, 𝜱 =3.5mm (Eb=2800 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
mdc_test40 4431 8858  
mdc_test41 3704 8179 
4081 
 
(94% correlation) 
mdc_test42 3140 7389 
mdc_test43 4550 9938 
mdc_test44 3416 9215 
Average 3848 8716 
  
Table 4.14: Dowel test: Megadeco d=15mm, 𝜱 =4mm (Eb=2800 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
mdc_test60 3942 9652  
mdc_test61 3927 8682 
4363 
 
(99% correlation) 
mdc_test62 4538 9810 
mdc_test63 4905 9782 
mdc_test64 4270 8766 
Average 4316 9338 
 
Table 4.15: Dowel test: WAB Yellow d=12mm, 𝜱 =2.5mm (Eb=2700 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
wab_jaune_test11 3714 6980  
wab_jaune_test12 3647 6369 2887 
 
(82% correlation) 
 
 
wab_jaune_test13 3269 6680 
wab_jaune_test14 3381 7444 
wab_jaune_test15 3660 6828 
Average 3534 6860 
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Table 4.16: Dowel test: WAB Yellow d=12mm, 𝜱 =3mm (Eb=2700 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
wab_jaune_test30 4146 7224  
wab_jaune_test31 3660 7578 
3162 
 
(84% correlation) 
wab_jaune_test32 3755 7251 
wab_jaune_test33 3576 6776 
wab_jaune_test34 3586 7442 
Average 3745 7254 
 
Table 4.17: Dowel test: WAB Yellow d=12mm, 𝜱 =3.5mm (Eb=2700 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
wab_jaune_test50 3967 7384  
wab_jaune_test51 4209 7023 
3415 
 
(85% correlation) 
wab_jaune_test52 4062 7482 
wab_jaune_test53 4142 7465 
wab_jaune_test54 3718 7297 
Average 4020 7330 
 
Table 4.18: Dowel test: WAB Yellow d=12mm, 𝜱 =4mm (Eb=2700 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
wab_jaune_test71 3690 8536  
wab_jaune_test72 3643 7783 
3651 
 
(98% correlation) 
wab_jaune_test73 3548 7468 
wab_jaune_test74 3885 8401 
wab_jaune_test75 3842 7644 
Average 3721 7966 
 
 PhD Thesis: Modelling of the stiffening effects of boards on cold-formed steel wall panels 
  
 
                                                                  
Marios Stergiopoulos                                                                                                    P a g e  | 110 
 
Table 4.19: Dowel test: WAB orange d=12mm, 𝜱 =2.5mm (Eb=2700 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
waborange _test60 4000 7948  
waborange _test61 3810 8152 
2887 
 
(79% correlation) 
waborange _test62 4429 8283 
waborange _test63 3696 8433 
waborange _test64 3665 8126 
waborange _test65 3318 8558 
waborange _test66 3423 8926 
waborange _test67 3767 8085 
waborange _test68 3528 7352 
waborange _test69 3033 7786 
Average 3667 8165 
  
Table 4.20: Dowel test: WAB orange d=12mm, 𝜱 =3.5mm (Eb=2700 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
waborange_test50 4175 7928  
waborange _test51 4117 8505 
3415 
 
(85% correlation) 
waborange _test52 3645 9382 
waborange _test53 4182 8885 
waborange _test54 3968 7756 
waborange _test55 4374 7969 
waborange _test56 3718 7536 
waborange _test57 3990 7634 
Average 4021 8199 
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Table 4.21: Dowel test: WAB orange d=12mm, 𝜱 =3mm (Eb=2700 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
waborange_test20 3621 8171  
waborange _test21 4201 7307 
3162 
 
(86% correlation) 
waborange _test22 3534 10884 
waborange _test23 3927 8553 
waborange _test24 3468 9141 
waborange _test25 3844 11772 
waborange _test26 4103 8861 
waborange _test27 2765 10107 
waborange _test28 3389 8910 
waborange _test29 4030 8553 
Average 3688 9226 
 
Table 4.22: Dowel test: WAB orange d=12mm, 𝜱 =4mm (Eb=2700 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
waborange_test10 4025 10041  
waborange _test11 4562 8342 
3651 
 
(88% correlation) 
waborange _test12 4371 9723 
waborange _test13 4126 9753 
waborange _test14 4009 9132 
waborange _test15 4554 9393 
waborange _test16 4166 8174 
waborange _test17 3754 9530 
waborange _test18 4197 10153 
Average 4169 9360 
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Table 4.23: Dowel test: WAB orange d=15mm, 𝜱 =2.5mm (Eb=2700 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
waborange_test130 3647 8731  
waborange _test131 3521 7875 
3375 
 
(87% correlation) 
waborange _test132 4268 7444 
waborange _test133 3911 7445 
waborange _test134 4159 7829 
waborange _test135 3878 7538 
waborange _test136 3948 8212 
waborange _test137 3878 7406 
waborange _test138 3824 8296 
Average 3893 7864 
 
Table 4.24: Dowel test: WAB orange d=15mm, 𝜱 =3mm (Eb=2700 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
waborange_test160 3786 7205  
waborange _test161 3883 6879 
3697 
 
(98% correlation) 
waborange _test162 3724 7615 
waborange _test163 3509 7540 
waborange _test164 3408 8102 
waborange _test165 3921 7373 
waborange _test166 3963 8614 
waborange _test167 4113 9020 
Average 3788 7793 
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Table 4.25: Dowel test: WAB orange d=15mm, 𝜱 =3.5mm (Eb=2700 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
waborange_test120 3984 8868  
waborange _test121 3583 7222 
3993 
 
(95% correlation) 
waborange _test122 4509 8432 
waborange _test123 4285 7538 
waborange _test124 4388 7360 
waborange _test125 4195 7117 
waborange _test126 4035 8219 
waborange _test127 4579 9408 
Average 4194 8021 
 
Table 4.26: Dowel test: WAB orange d=15mm, 𝜱 =4mm (Eb=2700 N/mm
2
) 
Siniat test 
Stiffness 1st cycle  
N/mm 
Stiffness 2nd cycle 
N/mm 
Empirical formula 
(N/mm) 
 
𝑘 = 2.8𝑑0.7𝛷0.5𝐸𝑏
0.6 
waborange_test180 4167 8123  
waborange _test181 3935 8439 
4268 
 
(98% correlation) 
waborange _test182 4140 8092 
waborange _test183 4513 7857 
waborange _test184 4562 8303 
waborange _test185 4316 8355 
waborange _test186 4490 8530 
waborange _test187 4745 7615 
Average 4359 8164 
 
From the comparison of the results given in the above table, the average correlation between the 
test and the theoretical formula is 92%, which shows a very good agreement over the test results.   
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4.2   Push tests including the head of the fixing 
After having established the behaviour of the fixing acting in bearing as a dowel, the effect of the 
eccentric force on the fixing causing rotation and the contribution of the head of the fixing to the 
shear stiffness of the system was examined. 
A series of shear push tests was conducted to determine the fixing load-displacement graph. The 
specimens were tested at the University of Surrey and consisted of two 250x65 mm C sections 
with 1.2mm thickness, bolted back to back and connected to two 250x200x12.5mm pieces of 
plasterboard on the flanges by four 3.5mm diameter fixings, equally spaced from the edges of the 
plasterboard. The loading was applied via a 18mm thick loading plate on the top of the web of 
the C section. A schematic of the testing specimen is shown in Figure 4.16. 
 
Figure 4.16 : Schematic of the specimen used for the push-tests 
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Under loading, the fixings rotated as the head interacted with the external face of the 
plasterboard acting as a lever to the body of the fixing and controlled its rotation. When the head 
of the fixing started to separate from the plasterboard, the rotation of the fixing was stabilised 
and the vertical tearing of the plasterboard was dominant. This pull through behaviour of the 
fixing into the plasterboard is shown in Figure 4.17. Also, the rotation of the fixing is apparent 
after the test. 
 
Figure 4.17: Pull through of the fixings after the test 
 
A typical force-displacement graph of the test with common plasterboard using 3.5mm diameter 
fixings and 1.2 thick steel section is shown in Figure 4.18. The ultimate load was 4.5 kN (or 0.56 
kN per fixing). The second cycle of loading was used to determine the stiffness. The stiffness 
was calculated at 40% of the ultimate load which gave a value of 0.51 kN/mm per fixing. Same 
graph for the test with La Dura plasterboard is shown in Figure 4.19 where the ultimate load was 
11.3 kN (or 1.41 kN per fixing), at a stiffness of 1.1 kN/mm per fixing. Table 4.27 summarizes 
the push test results for common plasterboard, La Dura and WDB. 
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Figure 4.18: Typical force-displacement graph for 8 x 3.5mm diameter fixings into common plasterboard 
 
 
Figure 4.19: Typical force-displacement graph for 8 x 3.5mm diameter fixings into La Dura 
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Table 4.27 : Push test results for different types of boards 
Plasterboard type – 
Test Number 
Failure load 
(kN) 
Failure load per fixing 
(kN) 
Stiffness per fixing 
(kN/mm) 
Plasterboard-Test 1 4.49 0.56 0.51 
Plasterboard-Test 2 4.55 0.57 0.51 
Plasterboard-Test 3 4.34 0.54 0.48 
Plasterboard-Test 4 4.60 0.58 0.54 
Plasterboard-Test 5 4.41 0.55 0.47 
Plasterboard -Test 6 4.22 0.53 0.50 
Mean value 4.44 0.56 0.50 
Standard deviation 0.14 0.02 0.02 
t distribution (95%) 1.94 1.94 1.94 
Characteristic value 4.16 0.52 0.46 
La Dura - Test 1 11.30 1.41 1.10 
La Dura - Test 2 12.10 1.51 1.25 
La Dura - Test 3 10.75 1.34 1.20 
La Dura - Test 4 10.25 1.28 1.20 
La Dura - Test 5 10.29 1.29 1.30 
Mean value 10.94 1.37 1.21 
Standard deviation 0.78 0.10 0.07 
t distribution (95%) 2.01 2.01 2.01 
Characteristic value 9.38 1.17 1.07 
WDB - Test 1 8.06 1.01 0.75 
WDB - Test 2 8.04 1.00 0.74 
WDB - Test 3 8.5 1.06 0.83 
WDB - Test 4 8.56 1.07 0.81 
WDB - Test 5 8.53 1.07 0.81 
WDB - Test 6 8.00 1.00 0.70 
Mean value 8.04 1.01 0.77 
Standard deviation 0.56 0.07 0.05 
t distribution (95%) 1.94 1.94 1.94 
Characteristic value 6.95 0.87 0.67 
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4.2.1 Finite element analysis of push tests including the head of the fixing  
Explicit analysis of the Abaqus finite element software was used to model the push test for 
plasterboard attached to C section. The model consists of a 20mm wide and 12.5 mm thick 
section of plasterboard that is connected into a 1.2 mm thick piece of steel using a 3.5 mm 
diameter screw.  At the intersection point between the steel and the fixing, a circular ring of 
5.5mm outer diameter was created in order to control the level of fixity of the screw by changing 
its material properties.  
These components were modelled as separate parts and assembled together as shown in Figure 
4.20, while Figure 4.21 shows the interactive ring in the steel plate of the model.  
 
 
Figure 4.20: Schematic view of the finite element model of the fixing with its head loaded in shear 
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Figure 4.21: Detail of the fixing-plate connection through the circular steel ring 
The load was applied at the top of the 1.2 mm steel plate as a pressure load to avoid excess local 
distortion on the overstressed nodes and to ensure that the load is diffused uniformly to the plate 
surface. The loading was taken as the maximum load of the push test using ordinary plasterboard 
divided by the number of fixings. The pressure value was calculated 20.8 N/mm2 corresponding 
to a failure load of 500 N per fixing. 
Regarding boundary conditions, the steel plate moves vertically so that its sides were restrained 
on x and z directions (Ux=Uz=0). The sides of the plasterboard were restrained in the horizontal 
direction to prevent any outward movement due to the material expansion after its crushing 
(Ux=0). The top surface or the board was permitted to move vertically (Ux=Uz=0), while the base 
of the board was pinned in position (Ux=Uy=Uz=0). The loading position and boundary 
conditions are shown on Figure 4.20.  
Slip was measured as the relative displacement between the top of the steel plate and the base of 
the plasterboard, while the load was measured as the total reaction acting at the base. Concrete 
Damage Plasticity (CDP) method was also used, following the same principles as described for 
the EN 383 finite element model. 
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The same meshing requirements as previously in the EN 383 finite element model were applied. 
The meshing pattern is also shown in Figures 4.20 and 4.21 and comply with the same meshing 
sensitivity analysis as used for the model in paragraph 4.1.1, which led to better solution 
convergence. As observed in the push tests, pull through of the fixing into the board was the 
dominant failure mode and so frictionless surface-to-surface contact was used between the fixing 
and the plasterboard and the plasterboard and the steel ring to simulate this behaviour. Regarding 
the plate-ring connection, proper tie constraints were used to eliminate slip between the two 
materials and to ensure that the loading was transferred uniformly from the steel plate to the ring 
and then directly to the fixing.  
A parametric analysis was undertaken to investigate the effect of various parameters on the shear 
stiffness and resistance of the system. These parameters are: plasterboard type, contribution of 
the screw head, steel plate thickness, screw diameter, level of connectivity between screw and 
steel plate and board thickness. As the system undergoes severe plastic deformations, explicit  
analysis took into account both geometric and material nonlinearity. The interaction between the 
components was also chosen carefully as the correct stress transferring at the interaction planes 
between the materials is crucial for these types of analysis.   
4.2.2 Parametric analysis of FE fixing model with head in shear  
The accuracy of the FE model was verified by comparing to the shear test results for common 
plasterboard.  The push test results for normal plasterboard showed that the initial shear stiffness 
of the 3.5mm diameter fixing to the 12.5mm thick plasterboard was approximately 0.5 kN/mm 
and the shear resistance was 0.5 kN. The analysed parameters were: 
• board thickness of 12.5mm 
• elastic modulus of the board of 1.5 kN/mm2 
• fixing diameter of 3.5mm 
• steel thickness of 1.2mm 
For this case, the progressive deformation of the boards with increasing displacement of the steel 
plate is shown in Figure 4.22, as output from Abaqus. It is apparent that crushing of the 
plasterboard occurs in the lower part of the board and that contact between the head of the fixing 
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and the board is lost at about 3mm displacement. At higher displacements, the damaged boards 
deform outwards and the head acts more in bearing on the outer part of the board. 
  
0.5 mm displacement 1 mm displacement 
  
2 mm displacement 3 mm displacement 
  
4 mm displacement 5 mm displacement 
  
6 mm displacement Final displacement (8mm) 
Figure 4.22: Progressive deformation of the fixings into a single layer of 12.5mm thick board 
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4.2.3 Parametric analysis results  
Parametric studies were performed using the FE model to determine the effect of various 
material properties and geometric parameters as follows: 
a) Elastic modulus of the board, Eb. The range was 1.5 to 3 kN/m2 and the effect of Eb on 
the fixing response is shown in Figure 4.23. The elastic modulus of the board has a 
noticeable effect on the serviceability behaviour at a shear force of 0.2 kN, but a small 
effect on the failure load. 
 
Figure 4.23: Influence of elastic modulus of board on load-displacement at fixings 
b) Elastic modulus of steel ‘ring’, Er around the fixing to the steel plate, which took account 
of possible local flexibilities due to drilling into the thin steel. The elastic range was 21 to 
210 kN/mm2, and the effect of Er is shown in Figure 4.24. The elastic modulus of the 
steel ‘ring’ around the fixings had a small effect on fixing stiffness. 
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Figure 4.24: Influence of elastic modulus of steel to ‘ring’ around the fixings 
c) Thickness of steel plate, tp. The analysed range was 0.9 to 2 mm and the effect of tp is 
shown in Figure 4.25. The thickness of the plate had a noticeable effect on the 
serviceability behaviour.  Increasing from 0.9 to 1.2mm increased to failure load by only 
10%. 
 
Figure 4.25: Influence of thickness of steel plate 
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d) Influence of the head of the fixing. Finite element models were run with and without the 
head, as shown in Figure 4.26. The head of the fixing increases both the shear stiffness 
and resistance of the screw, by controlling rotation and preventing pull-through. 
 
Figure 4.26: Influence of the head of the fixing. 
e) Influence of the diameter of the fixing of 3.5mm and 5.5mm with a proportionately larger 
head. The results are shown in Figure 4.27. In these finite element models, increasing the 
fixing diameter had a noticeable effect on the stiffness, but the failure load increased only 
by 10%.  
 PhD Thesis: Modelling of the stiffening effects of boards on cold-formed steel wall panels 
  
 
                                                                  
Marios Stergiopoulos                                                                                                    P a g e  | 125 
 
 
Figure 4.27: Influence of the fixing diameter 
f) Single, double and thicker boards. The boards were 12.5mm thick and the thicker board 
was 25mm thick. For the double boards of 2 x 12.5mm thickness, slip at the interface was 
permitted with zero friction. The results are shown in Figure 4.28. The use of two boards 
increased the failure load by about 70% compared to a single board and the stiffness at 
0.2 kN also increased by a similar amount.  A single 25mm thick board appeared to 
behave in a similar way to two 12.5mm boards, despite the slip between the boards.  
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Figure 4.28: Influence of the board thickness 
The deformation and stresses of the fixings in the double board model are shown in Figure 4.29. 
  
a) Stresses on fixing b) Stresses on board 
Figure 4.29: Deformation and board slip for fixing into double boards 
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The deformations at the top of the boards are presented in Figure 4.30 for single and double 
boards. The slight upward movement of the single board is due to the rotation of the fixings. 
However, the upward movement of the outer board is more noticeable for double boards which 
shows the greater effect of rotation of the fixing. 
 
a) Zero load b) Failure of single board 
c) Failure of double boards 
Figure 4.30: Shear and top surface movement at failure for single and double boards 
A local view of the stresses acting in the single layer boards at failure is shown in Figure 4.31. 
The stress in the steel plate is 538 N/mm2 locally, which indicates the high degree of plasticity 
according to the material characteristics. The post-failure stress in the plasterboard is about 4.5 
N/mm2 at about one quarter of the board thickness away from the steel plate which indicates the 
beneficial effect of confinement of the gypsum material locally. 
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a) Deformation of fixing 
 
b) Stresses acting on the plasterboard  
 
Figure 4.31: Shear and top surface movement at failure for single and double boards 
4.2.4 Compressed zone in front of the fixing  
The shear stiffness of a fixing into plasterboard is also dependent on the zone over which the 
compression strain acts in the plasterboard in front of the fixing.  A parametric study by finite 
element modelling of a 3.5mm diameter fixing into 12.5mm thick plasterboard was carried out 
and the displacement of the nodes at the base of the board was determined. The relative 
displacements between the nodes then gives the local compression strain in the board. This 
analysis was performed for fixing displacements of 0.5 to 1mm, which corresponds to 
serviceability conditions. 
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The displacements of the fixing in the line of the force are given in Figure 4.32 as a function of 
the distance from the base of the fixing for three shear displacements with a board of Eb = 1.5 
kN/mm2. The displacement of the fixing is represented as a dotted line which shows that the 
point of rotation is at approximately 10.5 mm above the base of the fixing. This shows that the 
rotation of the fixing corresponds to a compressed depth of 0.85d, where d is the thickness of the 
board. This is very close to the elastic theory prediction given in section 3.3.2. 
 
Figure 4.32: Measured displacement (δ) at the base of the fixing for Eb =1500 N/mm
2 
Figure 4.33 shows the in-plane node displacements of the bottom and top of the fixing measured 
from the centre-line face of the fixing for a board with Eb = 1.5 kN/mm
2. This shows that the 
zone of influence of deformation in front of the fixing extends to about 10mm or approximately 
3 of the board in front of the fixing. Similar behaviour was obtained for other values of Eb. 
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Figure 4.33: In-line displacement of the plasterboard in the nodes in the FE model in front of the fixing 
for Eb =1500 N/mm
2 
The strains in the plasterboard in the line of the force are obtained by dividing the displacement 
of adjacent nodes by the distance between the nodes.  Figure 4.34 shows the normalised strain 
for Eb = 1500 N/mm
2 where the strains are set to unity at the face of the fixing.  This shows that 
the decrease of strain follows a similar pattern for the three fixing displacements of 0.5 to 1mm. 
The normalised strain leads to an essentially constant strain zone of approximately 2 mm (0.6) 
in front of the fixing and a declining zone to zero at a distance of 10.5 mm (3) from the fixing. 
This is shown in the graph with a dotted curve representing a notional parabolic distribution of 
the strains at the base of the fixing 
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Figure 4.34: In-line strains in the plasterboard in the nodes in the FE model in front of the fixing 
 for Eb =1500 N/mm
2 
The area under this strain distribution defines the zone of influence of the fixing. For a quadratic 
reduction in strain after the constant strain zone, the effective zone of the board over which the 
compression strain is constant is given approximately by:  
( )  1.4/30.63 0.6eff =−+=  
This analysis was repeated for a range of Eb values and for 3.5mm and 5.5mm diameter fixings. 
A further case considered was a double board. The area under the normalised stress-strain curves 
was calculated and the results are presented in Table 4.28. There was little difference between 
the length of the zone with fixing diameter and thickness of board. 
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Elastic modulus 
of board 
(N/mm2) 
Fixing 
Diameter 
(mm) 
Board Thickness 
(mm) 
Area under the graph 
corresponding to fixing 
diameter 
1000 3.5 12.5 1.2φ 
1500 3.5 12.5 1.4φ 
2000 3.5 12.5 1.5φ 
1500 5.5 12.5 1.3φ 
1500 3.5 25 1.4φ 
Table 4.28: Zone of equivalent uniform compression in front of the fixing 
This zone of influence is similar but slightly less than that recorded for dowel in pure bearing to 
EN 383. From the FEA results, the stiffness of the fixing in shear is 35% of the stiffness of the 
dowel in bearing (see table 4.29). The elastic theory predicts that the shear stiffness of the fixing 
is 31% of the dowel stiffness derived from section 3.3.2. 
Elastic modulus 
of board Eb 
(N/mm2) 
EN 383 Dowel 
FEA stiffness 
results 
(N/mm) 
Fixing FEA shear 
stiffness results 
(N/mm) 
Ratio of shear 
stiffness of 
fixing/dowel 
stiffness 
1000 1875 580 31% 
2000 2307 811 35% 
3000 2608 1040 39% 
  Average 35% 
Table 4.29: Comparison between FEA stiffness results for dowel in bearing and 
fixing in shear 
From equation (63), taking the average between theory and FEA of 33%, the shear stiffness of the 
fixing becomes: 
Including fixing head:                               𝑘𝑓𝑖𝑥𝑖𝑛𝑔 = 0.9𝑑
0.7𝛷0.5𝐸𝑏
0.6 (64) 
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4.3 Discussion of results on fixing behaviour in shear  
The parametric analysis on the behaviour of fixings in shear connected to plasterboard, led to the 
following results: 
• The elastic modulus of the board has a noticeable effect on the serviceability behaviour at 
a shear force of 0.2 kN, but a small effect on the failure load. 
• The degree of fixity between the fixing and the steel plate has a small effect on stiffness. 
• The thickness of the plate had a noticeable effect on the serviceability behaviour.  
Increasing from 0.9 to 1.2mm increased to failure load by 10%. 
• The head of the fixing increases both the stiffness and resistance of the screw by an 
average of 10%. The head of the fixing controlled the rotation of the fixing body when 
pull through into the plasterboard.  
• The increasing of the fixing diameter from 3.5mm to 5.5mm had an effect on the stiffness 
at 0.2 kN load, but the failure load only increased by 10%. 
• The use of two 12.5mm thick plasterboards increased the failure load by about 70% 
compared to a single board and the stiffness at 0.2 kN also increased by a similar amount.  
A single 25mm thick board appeared to behave in a similar way to two 12.5mm boards, 
despite the evidence of slip between the boards. 
The shear stiffness of a fixing into plasterboard is also dependent on the zone over which the 
compression strain acts in the plasterboard in front of the fixing.  The parametric study showed 
that the rotation of the fixing corresponds to a compressed depth of 0.85d, where d is the 
thickness of the board, which is very close to the elastic theory.  
EN 383 provides the bearing strength of the fixings into different types of boards, and leads to 
much higher bearing strengths, but conversely, lower values of elastic modulus than the EN 789 
pure compression test. The load-deflection curve obtained from an EN 383 test is more curved 
than an EN 789 test and has a much longer ‘plastic’ plateau, due to deformation of the 
compressed gypsum at high strain. The effective bearing strength may be taken as 4x 
compressive strength, fck to EN 789. The effective elastic modulus for a test to EN 383 may be 
taken as 0.25 Eb, where Eb is the initial elastic modulus to EN 789. 
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The zone of influence of uniform compression strain in front of the fixing may be taken 
approximately as 1.5, where  is the fixing diameter.  This may be used to determine the stress-
strain curve for the plasterboard test to EN 383, which may be used when interpreting the 
behaviour of fixings in shear. Finite element analysis also shows the slight dependence on the 
elastic modulus of the board and a higher dependence on fixing diameter. The comparison of the 
EN 383 test results with the proposed empirical formula showed 92% average correlation. 
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5. WALLS IN BENDING USING COLD FORMED STEEL C SECTIONS 
This part of the research investigates the behaviour of boarded wall panels with C sections acting 
in bending to simulate wind loading applied to the wall. A series of physical tests was performed 
at the University of Surrey with different types of plasterboard attached on one or both sides of 
the wall panel. Additional tests were performed with Oriented Strand Board (OSB) and cement 
board on one side, to see if these boards had improved stiffness. Several parameters were tested 
to determine their stiffening contribution to the system which are: 
• Fixing diameter: Two types of fixing of 3.5 and 5.5 mm diameter were used. 
• Board type: A range of board types were used in 1.2m square pieces. 
• Plasterboard joints: The joints between plasterboard were either butted together of sealed 
with a specific plastering compound. 
• Double layered plasterboard: Some tests were conducted with double layers of 
plasterboard on one or both sides to compare with single layer boards. 
• Fixing spacing: Two different fixing spacing of 150 and 300mm were used. 
• C section: Three different types of C section were used of 146x35x1.2mm, 
100x50x1.2mm and 90x35x0.9mm. 
For the purposes of validating the test results, the SCI method was used, as described in chapter 
3. Both theoretical and test results were validated with finite element models showing a good 
correlation. 
5.1 Test regime for bending on walls 
Bending tests were conducted on 3.6 m and 4.8 m long x 1.2m wide wall panels consisted of two 
C sections that were lined with plasterboard on one or both sides of the wall panel. Additional 
tests were performed with on Oriented Strand Board (OSB) and cement board on one side to 
investigate the difference in the stiffness of the board type. The panels were tested in the vertical 
plane rather than horizontally to avoid the self-weight of the boards affecting the results. This is 
accepted practice in testing partitions. 
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5.1.1 Design of self-equilibrating frame  
The primary objective of these tests was to determine the stiffness and load capacity of the wall 
panels relative to that of the bare steel frame. To achieve this, a self-equilibrating rig to test the 
wall panels under simulated wind pressure was designed. This consists of three parts: the support 
base, the loading system, and the portal frame where the 4 loading jacks where connected.  
The self-equilibrating rig was designed to avoid applying any reaction force on the floor of the 
laboratory. 
The support base consisted of 146x35x1.2 mm cold formed steel C sections that supported the 
weight of the portal loading frame. The same C sections were used for the spreader beams of the 
loading system, which consisted of 4 vertical members to transfer the load from each of the 4 
jacks to the testing wall via two 100x100 mm wooden blocks attached to each member. This 
corresponded to 4 load points on each C section, that acted at positions of 0.1L, 0.4L, 0.6L and 
0.9L, where L is the span of the wall horizontally from each end. This is the closest 
approximation to uniform loading for bending and deflection purposes. The support base and 
loading system positions are shown in Figure 5.1. The schematic of the full rig after assembly is 
shown in Figure 5.2.  
 
Figure 5.1: Schematic of the support base and loading system of the testing rig 
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Figure 5.2: Schematic of the self-equilibrated testing rig after the assembly 
The portal loading frame consisted of 200x65x2.5 mm cold formed steel C sections, acting as the 
main reaction members of the rig. This portal frame was designed as a rigid frame by the use of 
stiffener plates at the joints. The stiffener plates were 4 mm thick and connected by 12 fixings to 
give fixity between the members so that the forces produced by the 4 jacks would be successfully 
resisted by the reaction frame itself (self-equilibrating frame). 
The self-equilibrating testing rig was designed to test the 3.6 and 4.8 m wall panels by simply 
expanding its end arms by removing and re-fixing the corner stiffener plates. It was designed to 
withstand a maximum pressure of 5 kN/m2, or approximately 20 kN total load. 
The arms of the portal frame were connected to the test specimen via bolts to ensure articulation 
so that no external moments were developed at the ends of the wall panel in the test. To achieve 
this, a 1mm gap was created between the portal frame and the test specimen using a washer to 
secure that the connection between them remained pinned. The test panel weighed about 60 kg 
when fully boarded, and was lifted and bolted in position using two M16 bolts to ensure 
adequate articulation. 
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5.1.2 C sections included in the tests  
Regarding the test specimens, the wall panels were constructed by using different types of cold 
formed steel profiles. The C sections that were tested were: 
• 146x35x1.2 mm C with 148x70x0.9 mm U sections at the ends 
• 100x50x1.2mm C with 104x42x1.2 U sections at the ends 
• 90x35x0.9 mm C with 92x70x0.9 mm U profiles at the ends.  
The 146mm deep Cs are typical of external walls in heights of 4 to 5m at 600mm spacing 
between the C sections in which the wind pressure is in the range of 0.8 to 2 kN/m2 depending on 
the exposure. Therefore, the tests on 4.8m high walls are close to the maximum span, which 
would show the greatest effect of composite action with the boards. For external walls, a typical 
serviceability limit on deflection would be span/250. 
Additional tests were performed on 3.6m span walls to show the effect of span on the additional 
stiffness due to composite action. In this case, the load capacity at failure would be much higher 
than for the 4.8m spans. The 100 mm deep Cs are typical of external walls in heights of 2.4 to 
3.8m. Therefore, the tests on 3.6m high walls are close to the maximum span.  
The 90mm deep Cs are typical of internal partitions in heights of 3 to 4m. Therefore, the tests on 
3.6m high walls are at an intermediate span. Because these C sections are relatively light, 
composite action was expected to be proportionately higher than for the 100mm and 146mm C 
section tested at this span. Also partitions are designed for internal pressures of typically 0.5 
kN/m2, which is the load level used for serviceability evaluations of deflections. 
5.1.3 Test configuration  
The tests were set up to be used with 1.2m square segments of plasterboards, which therefore 
required 2 or 3 transverse joints and would therefore be more typical of practical applications.  
The boards were 12.5 mm thick and were fixed to the panels using screws of 3.5 and 5.5 mm 
diameter at 150 and 300 mm spacing. For double layered board tests, the fixing spacing of the 
inner board was 600mm while the outer board was fixed directly through the inner board to the C 
section at 300mm spacing. For the double layered board configuration, the joint between the 
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outer boards was filled by a plaster compound which would add to the stiffness by transferring 
compression and tension forces. The testing configuration is shown in Figure 5.3. 
The OSB and cement board was 11mm thick and 5.5mm diameter fixings were used at 300mm 
spacing. For the cement board in particular, the drilling of the holes in the more rigid board was 
likely to be a factor in the measured stiffness.  
 
Figure 5.3: Testing configuration in bending showing load points 
Loading of the wall was applied by four hand-operated jacks and the total applied load was 
approximately 2kN/m2, which is referred as an upper bound wind pressure for high-rise 
buildings. For 146x35 C tests on a 3.6 m long wall, the displacement was measured in two 
different loading cycles to 1kN/m2 and 2kN/m2, in order to check the consistency of the wall 
stiffness with load level. For the 4.8 m long wall tests, the load capacity is less for the same C 
section, and the loading cycles were taken as 0.4kN/m2 and 0.8kN/m2. For the 90x35 Cs and 
100x50Cs, the loading cycles were taken as 0.5kN/m2 and 1kN/m2. For each case, the second 
loading cycle was selected as the relevant cycle to calculate the stiffness of the wall although the 
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difference in stiffness was primarily due to small end slip in the bolts. The displacement was 
measured at six points on the specimen using six LVDTs displacement sensors. The sensors were 
placed two at each support on the C profiles and two in the middle on the plasterboard. The 
location of the LVDTs is shown in Figures 5.4 and 5.5. 
 
Figure 5.4: Position of the LVDTs at the C sections 
 
 
Figure 5.5:  LVDTs placed on the boards 
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The overall displacement of the wall was taken as the average displacement of top and bottom C 
section, measured at the rear face of the panel, to offset the effect of the small twisting of the 
wall panel due to the possibility of a small eccentricity of loads. 
After the first wall test, it was realised that the mid-span deflections were affected by 
compression of the C section at the ends of the C section. Although this effect was relatively 
small, it did effect the comparison of deflections among the tests. Therefore, for all subsequent 
tests, a stiffening piece of C section of 150mm length was screw fixed to the web to eliminate 
this local effect. This is shown in Figure 5.6. 
 
Figure 5.6: Additional stiffener to prevent crushing failure at the end of the wall panel 
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5.1.4 Board types  
Several types of specific plasterboards defined to BS EN 574 were tested, which are: 
• Common Plasterboard with 𝐸𝑏 = 1500 𝑁 𝑚𝑚
2⁄ . 
• Weather Defence Board (WDB) (Type I) which is a weather resistant type of board 
coated with glass fibres and is mainly used for façade applications, with 𝐸𝑏 =
2800 𝑁 𝑚𝑚2⁄ . 
• La Dura board (Type R), which is a more durable type of board reinforced with wood 
particles. It is stronger and harder than other plasterboards giving greater impact and pull 
out resistance, with 𝐸𝑏 = 3200 𝑁 𝑚𝑚
2⁄ . 
• Aquaboard (Type H), which is a moisture resistance board consists of silica particles and 
is suitable for extremely humid environments, with 𝐸𝑏 = 2700 𝑁 𝑚𝑚
2⁄ . 
• Fire Board (Type F), a specific fire-resistant board for wall-bearing walls and ceiling 
systems, which achieves 30 minutes fire resistance from a 15mm single layer boarded 
system., with 𝐸𝑏 = 2800 𝑁 𝑚𝑚
2⁄ . 
Also some tests were performed using Oriented Strand Board (OSB) with 𝐸𝑏 = 3500 𝑁 𝑚𝑚
2⁄  
and cement board with 𝐸𝑏 = 6000 𝑁 𝑚𝑚
2⁄ . For external walls, the general configuration used 
was 146x35x1.2 mm C section with WDB on the compression side, which refers to the external 
face of a building, and a combination of other types of plasterboard on the tension side. For 
internal partition walls, 90x35x0.9 mm C sections were used with a combination of different 
types of board on the compression and tension side. The 100x50x1.2 mm C may be used for both 
external and internal walls. 
5.1.5 Joint filling  
The contribution of the joints to the total stiffness of the system was also been investigated. 
Drywall paper tape and compound were used in layers as shown in Figure 5.7 to seal the joint. 
The same specimens were tested with joints filled and unfilled on compression side, tension side 
or both sides. For walls with plasterboards on both sides, the joints were sealed on the tension 
side only.  
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Figure 5.7:  Schematic of plasterboard joint taping 
5.1.6 Properties of the C sections  
The effective properties of the C sections were calculated to BS EN 1993-1-3 and the important 
properties are presented in Table 5.1. These properties were used to compare with the measured 
stiffness and bending resistances in the tests. Analytical calculations are given in Apendix III for 
the 146x25x12 C section.  
Table 5.1: Effective section properties of C sections in bending to BS EN 1993-1-3 
C Section 
h x b x c 
𝑡 
(mm) 
𝑓𝑦 
measured 
(N/mm2) 
𝐴𝑔  
(mm2) 
𝐼𝑔  
(x103mm4) 
𝐼𝑒𝑓𝑓,𝑓𝑦 
(x103 mm4) 
 𝐼𝑒𝑓𝑓,0.6𝑓𝑦 
(x103 mm4) 
𝑀𝑒𝑙 
(kNm) 
90x35x9 0.9 372 142 177 149 166 1.15 
100x50x12 1.2 417 245 397 337 364 2.55 
146x35x12 1.2 460 254 739 605 687 3.43 
𝐴𝑔is the gross area 
b is the flange width 
c is the lip depth (edge stiffener) 
fy  is the measured steel yield strength 
h is the section depth 
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𝐼𝑒𝑓𝑓,𝑓𝑦 is the effective inertia at fy  
𝐼𝑒𝑓𝑓,0.6𝑓𝑦   is the effective inertia at a serviceability stress, 0.6fy  
𝐼𝑔 is the gross inertia 
𝑀𝑒𝑙  is the elastic bending resistance at the measured steel strength, fy  
𝑡 is the nominal steel thickness (including galvanizing) 
5.1.7 Stiffness properties of fixings  
The stiffness properties of the fixings were taken from push tests and given in Table 5.2.  These 
values were input in the theoretical equations of the SCI method as presented in section 3.4 and 
compared to the test results.  
Table 5.2: Stiffness properties of fixings into different types of board 
Board type 
Fixing stiffness  
(kN/mm) 
Common plasterboard 0.5 
WDB 0.7 
La Dura 1.1 
Aquaboard 0.8 
Fire Board 0.7 
5.2 Bending test results  
The primary objective of the tests was to determine the additional stiffness provided by the 
boards with a range of board combinations as follows: 
• Boards on one or both sides 
• Board types 
• Joints filled or not 
• Single or double layers of boards 
• Fixing spacing and size. 
For some tests, six repeat tests were conducted to determine the variation in stiffness, which was 
therefore determined for the 2nd to 7th load cycle. Selected panels were then loaded to failure. 
Also, the average values of stiffness over the 6 cycles were taken to compare with the SCI 
method and with finite element modelling.  The results in terms of stiffness at the serviceability 
load levels are presented in section 5.2.2. Firstly, it is instructive to consider the failure mode for 
the tests taken to failure. 
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5.2.1 Failure modes  
Figures 5.8a and 5.8b shows the failure mode for frames with boards on one side and both sides 
respectively. Figure 5.9 shows the failure mode of the bare frame with its transverse pieces of 
board used to stabilise the load points. The following observations may be made: 
Board on one side: The 146mm deep C sections were torsionally restrained by their attachment 
to the boards at 300mm spacing although some torsion of the upper C section was observed, as 
shown in Figure 5.8a. This is important because the shear centre of the C section is outside the 
line of the web and so it follows that the boards and their fixings were sufficiently stiff and 
strong in pull-out to restrain this mode. 
Boards on both sides: The 146mm deep C section was fully restrained by its attachment to the 
boards as shown in Figure 5.8b. Local buckling of the slender web was apparent at failure. No 
buckling occurred at the load points or supports. 
  
a) Board on one side test to failure b) Boards on both sides test to failure 
Figure 5.8: Failure mode for walls with boards on one and both sides 
The bare frame was tested in bending with strips of plasterboard at the loading points in order to 
avoid more uniform transfer of loading. The failure mode in these tests was by distortional 
buckling in which the buckling occurred by lateral displacement of the tension flange, as shown 
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in Figure 5.9. The failure moment was about 30% less than the elastic bending resistance-see 
later comparisons.  Therefore, it is not possible to compare the failure loads of the boarded and 
bare walls directly. Some tests were performed using OSB and cement boards on one side to 
compare with plasterboard tests. The failure mode was in pure bending without any evidence of 
torsion as shown in Figure 5.10. 
  
Figure 5.9: Bare frame test to failure Figure 5.10: OSB test to failure 
Load-displacement graphs in failure for selected tests are shown in Figures 5.11, 5.12, 5.13 and 
5.14. The top and bottom LVDT displacements, after subtracting the end displacements, are 
shown in blue and red lines respectively, and the average displacement is shown in green. The 
graphs of other tests are given in the Appendix I.  
The slight difference between the deflections of the two Cs is due to small eccentricities in the 
loading. It is apparent that the load-displacement graphs are elastic until a load level of about 
75% of the eventual failure load  From the test results, it is apparent that: 
• For boards on one side, failure occurred at deflection of L/70 for WDB and L/90 for La 
Dura.  
 PhD Thesis: Modelling of the stiffening effects of boards on cold-formed steel wall panels 
  
 
                                                                  
Marios Stergiopoulos                                                                                                    P a g e  | 147 
 
• For boards on both sides, failure occurred at deflection of L/80 for WDB and L/60 for La 
Dura. 
Both cases indicate good deformation capacity of the screws as they reach their limiting 
resistances and also that the effects of local buckling result in controlled failure. 
5.2.2 Serviceability performance   
Serviceability is concerned with elastic response and avoidance of permanent deflections. For 
lightweight cladding, a deflection limit of span/250 is generally used, but for more rigid cladding 
like brickwork, a deflection limit of span/360 is used to avoid the risk of cracking.  For 
partitions, a deflection limit of span/180 is used and the stiffness of these lighter sections is more 
dependent on the boards on both sides of the wall. 
For the repeated loading, it was found that the measured stiffness had an average coefficient of 
variation coefficient of 2.5% for 146x35x1.2 mm C section tests and 4.9% for 100x50x1.2 mm C 
section tests, and a variation of less than 3% is considered to be relatively small (see Appendix 
II). The characteristic values of the stiffness of selected tests are also given in Appendix II. 
 
Figure 5.11: Load-displacement curve for 3.6 m wall in bending using 146x35 C with WBD on one side 
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Figure 5.12: Load-displacement curve for 3.6 m wall in bending using 146x35 C with WBD on both sides 
 
 
Figure 5.13: Load-displacement curve for 3.6 m wall in bending using 146x35 C with La Dura on 
compression side and WBD on tension side.  
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Figure 5.14: Load-displacement curve for 3.6 m wall in bending using 90x35 C with La Dura on both 
sides  
5.2.3 Serviceability performance of 146x1.2mm C sections  
Test results on the 146 x 35 C section frames spanning 3.6m are presented in Tables 5.3 for 
boards on one side and Table 5.4 for boards on both sides. An additional test on bare C sections 
was conducted, in order to compare with the calculated stiffness to BS EN 1993-1-3. As noted 
earlier, test 1 was the only test performed without end stiffeners and it lead to approximately 
10% higher deflection. Therefore, in all other tests, end stiffeners to the web were used.  
The results from the bending tests were compared to the SCI theory and the results are given as a 
separate column in the table. For the case with filled joints, the board was assumed to act 
monolithically and the nb was taken as 1, where nb is the factor for the number of boards. 
However, for non-filled joints, nb was taken as 4, as the boards could move separately. For tests 
with double layer boards, the fixing spacing was taken as the average of the inner and outer 
board. The stiffness of the fixings is presented in section 5.1.7. 
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End stiffeners to the web were used in all tests except test 1 
 
 
 
 
 
 
 
 
 
Table 5.3: Stiffness test results for 3.6 m long walls with 146x35x1.2 mm C sections for boards on 
one side 
Test with 
board on 
one side 
Deflection at 
 1 kN/m
2
 
(1
st
 load 
cycle) 
(mm) 
Deflection 
at 2 kN/m
2
 
(2
nd
 load 
cycle) (mm) 
Deflection 
at 2 kN/m
2
 
(from SCI 
method) 
(mm) 
Fixing 
spacing 
(mm) 
Fixing 
Diameter 
(mm) 
 
Joints 
filled 
Test No 
La Dura 
No end 
stiffener  
9.5 18.8 17.1 300 3.5mm No 1 
La Dura  8.4 15.9 15.6 300 3.5mm Yes 2 
Fire board 7.8 15.1 16.4 300 3.5mm No 3 
WDB  7.5 15.0 16.4 300 3.5mm No 4 
WDB repeat 7.7 15.8 16.4 300 3.5mm No 5 
WDB  7.7 15.4 16.8 150 3.5mm No 6 
WDB repeat  8.1 15.9 
16.4 (nb=1) 
17.4 (nb=3) 
300 3.5mm 
No 
7 
WDB  8.3 15.4 
15.2 (nb=1) 
16.8 (nb=3) 
150 5.5mm 
No 
8 
WDB  8.0 15.7 16.4 300 5.5mm No 9 
Aqua Board 8.1 16.2 16.4  300 3.5mm Yes 10 
Aqua Board  9.6 17.5 17.4 300 3.5mm No 11 
Fire board 7.8 15.7 15.2 150 3.5mm Yes 12 
Fire board 8.5 16.0 17.4 300 3.5mm No 13 
OSB  8.2 16.4 17.2 300 5.5mm No OSB1 
Cement 
board  
8.1 16.0 17.1 300 5.5mm No CB1 
Bare Frame 9.2 18.5  - - - 26 
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End stiffeners to the web were used in all tests  
 
Test results for 146x35x1.2 mm C sections spanning 4.8 m are shown in Tables 5.5. The tests for 
walls with boards on one and both sides are given separately for comparison. Table 5.6 shows 
the test results for 146x35x1.2 mm walls spanning 4.8 m using double layer boards on the 
tension or on the compression side. 
Table 5.4: Test results for 3.6 m long walls with 146x35x1.2 mm C sections for boards on both sides 
Test  
(compression 
face/tension 
face) 
Deflection 
at 
 1 kN/m
2
 
(1
st
 load 
cycle) 
(mm) 
Deflection 
at 2 kN/m
2
 
(2
nd
 load 
cycle) (mm) 
Deflection 
at 2 kN/m
2
 
(from SCI 
method) 
(mm) 
Fixing 
spacing 
(mm) 
Fixing 
Diameter 
(mm) 
Joints 
filled 
Test 
No 
La Dura /La 
Dura 
7.7 15.4 12.8 300 3.5mm 
Yes, 
both 
sides 
14 
WDB/WDB 7.9 15.0 
14.7 (nb=1) 
16.1 (nb=3) 
300 3.5mm No 15 
WDB/La Dura 7.8 15.2 15.7 300 3.5mm No 16 
WDB/La Dura 6.4 13.2 14.0 300 3.5mm Yes 17 
WDB/La Dura 7.1 13.9 14.0 300 5.5mm Yes 18 
WDB/La Dura 6.3 13.1 14.0 300 5.5mm Yes 19 
WDB/La Dura 6.8 13.6 
12.1 (nb=1) 
14.1 (nb=3) 
150 5.5mm Yes 20 
La Dura/ 
WDB  
8.2 14.4 
14.1 (nb=1) 
15.7 (nb=3) 
300 3.5mm 
Yes, 
comp. 
side 
21 
Fire board 
both sides 
5.8 12.1 14.7 300 3.5mm 
Yes, 
both 
sides 
22 
Aqua Board 
both sides 
7.4 14.8 16.1 300 3.5mm No 23 
Fire board 
both sides 
7.5 13.8 14.7 300 3.5mm 
Yes, 
both 
sides 
24 
Fire board 
both sides 
6.4 13.2 12.8 150 3.5mm 
Yes, 
both 
sides 
25 
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Table 5.5:  Test results for 4.8 m long walls with 146x35x1.2 mm C sections  
Test 
Deflection 
 at  0.4 
kN/m
2
 
(1
st
 load 
cycle) 
(mm) 
Deflection 
at  
0.8 kN/m
2
 
(2
nd
 load 
cycle) (mm) 
Deflection 
 at 0.8 kN/m
2
 
(from SCI 
method) 
(mm) 
Fixings 
spacing 
(mm) 
Fixing 
Diameter 
(mm) 
 
Joints 
filled 
Test 
No 
BOARDS ON ONE SIDE 
Aqua board  10.9 21.7 21.8 300 3.5mm No 27 
Aqua board  10.2 20.5 21.8 300 3.5mm No 28 
WDB 10.9 21.8 21.8 300 3.5mm No 29 
OSB  9.2 18.2 21.3 300 5.5mm No 
OSB
2 
OSB  9.8 19.0 21.3 300 5.5mm No 
OSB
3 
Cement 
board  
10.1 19.9 21.3 300 5.5mm No CB2 
BOARDS ON BOTH SIDES 
WDB/ Aqua 
Board  
9.5 18.7 19.6 300 3.5mm No 32 
WDB/ Aqua 
Board  
8.5 17.1 
16.7 (nb=1) 
19.6 (nb=4) 
300 3.5mm 
Yes, 
tension 
side 
33 
WDB/WDB 8.9 17.9 19.6 300 3.5mm No 34 
WDB/WDB 8.5 17.2 17.4 150 3.5mm No 35 
Aqua board  
both sides 
8.5 17.5 19.6 300 3.5mm 
Yes,  
comp. 
side 
30 
Aqua board 
both sides  
7.3 14.5 16.7 300 3.5mm 
Yes, 
both 
sides) 
31 
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5.2.4 Serviceability performance of 100x1.2mm and 90x 0.9mm C sections  
Test results for wall partitions with 90x35x0.9 mm C sections spanning 3.6 m are shown in Table 
5.7. Test results for walls with 100x50x1.2 C sections spanning 3.6m are shown in Table 5.8. 
The tests for walls with boards on one and both sides are given separately in these tables for 
comparison. 
 
 
Table 5.6:  Test results for 4.8 m long walls with 146x35x1.2 mm C sections for double layer boards 
Test 
Deflection 
 at 0.4 
kN/m
2
 
(1
st
 load 
cycle) 
(mm) 
Deflection 
at  
0.8 kN/m
2
 
(2
nd
 load 
cycle) 
(mm) 
Deflection 
 at 0.8 kN/m
2
 
(from SCI 
method) 
(mm) 
Fixings 
spacing 
(mm) 
Fixing 
Diameter 
(mm) 
 
Joints 
filled 
Test 
No 
Aqua board both 
sides/ double 
layer on comp. 
side 
6.9 13.8 
15.4 (nb=1, 
d = 25mm) 
300/600 3.5mm 
Yes, 
tension 
side  
36 
Aqua board both 
sides/ double 
layer on comp. 
side 
7.7 15.3 
17.9  (nb=4, 
d = 25mm) 
300/600 3.5mm No 37 
Double layer 
Aqua board on 
both sides 
7.0 14.0 16 .0 300/600 3.5mm No 38 
Double layer 
Aqua board on 
both sides 
5.8 11.6 15.4  300/600 3.5mm 
Yes, both 
sides 
39 
WDB on comp 
side, double layer  
7.4 14.9 15.4 (nb=1) 300/600 
5.5mm / 
3.5mm 
Yes, 
tension 
side only 
40 
WDB on comp 
side, double layer 
Aqua board on 
tension side 
8.1 15.3 15.4 (nb=1) 300/600 3.5mm 
Yes, 
tension 
side only 
41 
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Table 5.7:  Test results for 3.6 m long walls with 90x35x0.9 mm C sections 
Test 
Deflection at 
0.5 kN/m2 
(1st load 
cycle) 
(mm) 
Deflection 
at 
1 kN/m2 
(2nd load 
cycle) (mm) 
Deflection at 
1 kN/m2 
(from SCI 
method) 
(mm) 
Fixings 
spacing 
(mm) 
Fixing 
Diameter 
(mm) 
Joints 
filled 
Test 
No 
BOARD ON ONE SIDE 
La Dura  15.1 30.2 33.9  300 3.5mm No 42 
La Dura  15.1 30.0 29.7 300 3.5mm Yes 43 
Bare Frame 19.5 37.5  - - - 46 
BOARDS ON BOTH SIDES 
La Dura both 
sides 
15.0 27.5 
23.4 (nb=1) 
28.3 (nb=3) 
300 3.5mm 
Yes, comp 
side 
44 
La Dura both 
sides 
14.8 28.8 
23.4 (nb=1) 
28.3 (nb=3) 
300 3.5mm 
Yes, both 
sides) 
45 
Table 5.8:  Test results for 3.6 m long walls with 100x50x1.2 mm C sections 
Test 
Deflection 
at  
0.5 kN/m2 
(1st load 
cycle) (mm) 
Deflection at  
1 kN/m2 
(2nd load 
cycle) (mm) 
Deflection at  
1 kN/m2 
(from SCI 
method) 
(mm) 
Fixings 
spacing 
(mm) 
Fixing 
Diameter 
(mm) 
Joints filled 
Test 
No 
BOARD ON ONE SIDE 
WDB one 
side  
8.27 15.8 16.5 300 3.5mm No 47 
Bare frame  8.41 17.3  - - - 57 
BOARDS ON BOTH SIDES 
WDB/La 
Dura  
7.5 14.5 14.9 300 3.5mm No 48 
WDB/La 
Dura  
6.7 13.8 13.4 300 3.5mm Yes 49 
La Dura / La 
Dura  
7.1 14.0 12.9 300 3.5mm 
Yes, tension 
side 
50 
La Dura / La 
Dura  
6.7 13.5 12.9 300 3.5mm 
Yes, both 
sides 
51 
La Dura / 
WDB 
6.95 14.0 14.0 300 3.5mm Yes  52 
Fire board / 
WDB 
7.06 14.0 15.3 300 3.5mm No 53 
Fire board / 
WDB 
7.12 14.0 14.0 300 3.5mm Yes 54 
Fire board / 
Fire board 
7.4 14.5 15.3 300 3.5mm No 55 
Fire board / 
Fire board 
6.8 13.8 14.0 300 3.5mm 
Yes, both 
sides 
56 
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5.2.5 Results of wall tests to failure   
Some wall configurations were tested to failure and compared to the theoretical bending 
resistance of the C sections calculated to BS EN 1993-1-3. The results from the tests to failure 
are given in Table 5.9. The increase in bending resistance ranged relative to the bare frame was 
due to the failure of the bare frame in distortional buckling rather than being pure due to 
composite action.  
Table 5.9:  Comparison of failure loads for tests on 3.6 m long walls 
C section 
 (mm) 
Configuration 
Failure 
Mode 
Failure 
Load 
(kN/m
2
) 
Failure 
Moment 
(kNm) 
Comparison of 
bending 
resistance to  
BS EN1993-1-3 
(kNm) 
Forces on fixings 
(kN) 
Elastic 
analysis 
Plastic 
analysis 
146x35x1.2 
Bare Frame 
Distortional 
buckling 
2.45 2.38 3.43 - - 
WDB one side 
Fixings: D=3.5mm 
Pure 
bending 
with some 
torsion 
3.60 3.5 - 0.59 0.13 
WDB one side 
Fixings: D=5.5mm 
3.80 3.7 - 0.63 0.49 
WDB/WDB 
Fixings: D=3.5mm 
Pure 
bending 
4.30 4.17 - 0.71 0.67 
La Dura/WDB 
Fixings: D=3.5mm 
4.30 4.17 - 0.71 0.67 
100x50x1.2 Bare Frame 
Distortional 
buckling 
1.80 1.75 2.55 - - 
90x35x0.9 
Bare Frame 
Distortional 
buckling 
0.80 0.78 1.15 - - 
La Dura both sides 
Fixings: D=3.5mm 
Pure 
bending 
1.58 1.53 - - 0.53 
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The bending resistance of the 146 x 35 x1.2mm C was calculated as 3.43 kNm. For WDB on one 
side, the failure moment was 3.5 kNm and 3.7 kNm for the two fixing diameters. For boards on 
both sides, the failure moment increased to 4.17 kNm. 
The longitudinal shear forces in the fixings may be calculated by two methods: 
• Elastic design based on the FE analysis results shown in Figure 5.24 in section 5.4. 
• Plastic design based on the assumption that all 7 screws in the half span reach their 
characteristic resistance. 
The fixing forces determined by these two methods are presented in Table 5.9. They may be 
compared to a measured resistance of 0.75 kN from the push tests and the agreement with the 
elastic design method is good. 
The same approach was used for the 90x35x0.9mm C sections. In this case, the load bearing 
resistance was doubled when plasterboards were attached on both sides. The fixing force of 0.53 
was determined for plastic d 
The theoretical section properties of the gross and effective section of the C sections included in 
the tests are presented in Table 5.1. The effective section properties are calculated at the 
measured strength of the steel, fy, and at an equivalent serviceability stress, 0.6 fy using the 
methodology of BS EN 1993-1-3. The calculation of the typical serviceability properties of the 
146x35x1.2mm C is presented in Appendix III. The gross properties apply for a low bending 
stress.  
5.3 Discussion of test results on walls in bending   
In the test series, the fixing spacing was changed from 300 to 150 mm to investigate its effect on 
the total stiffness. The results show that the reduction of fixing spacing has a small effect of 
3.1%, which shows that the effect of the screws is localised. Table 5.10 shows the overall 
comparison of test results. 
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Table 5.10: Effect of reducing the fixing spacing from 300mm to 150mm in the relevant tests 
Test (number) 
Fixing spacing 
(mm) 
Deflection at 2  
2nd load cycle 
(mm) 
Effect of reduced 
fixing spacing 
WDB one side (5) 300 15.8 
+2.5% 
WDB one side (6) 150 15.4 
WDB one side (9) 300 15.7 
+2% 
WDB one side (8) 150 15.4 
Fire Board one side (13) 300 16.0 
+2% 
Fire Board one side (12) 150 15.7 
WDB/La Dura (19) 300 13.1 
+4% 
WDB/La Dura (20) 150 13.6 
WDB/WDB (34) 300 17.9 
+4% 
WDB/WDB (35) 150 17.2 
Fire Board both sides (24) 300 13.8 
+4% 
Fire Board both sides (25) 150 13.2 
Similar observations can be made when changing the fixing diameter from 3 to 5.5 mm. The 
results show that fixing diameter increased the stiffness of about 1%. This comparison is given in 
Table 5.11. 
Table 5.11 : Effect of increasing the fixing diameter from 3.5mm to 5.5mm in the relevant tests 
Test (number) Fixing type 
Deflection at   
2nd load cycle 
(mm) 
Effect of fixing 
diameter 
WDB one side (6) D=3.5 mm 15.4 
0% 
WDB one side (8) D=5.5 mm 15.4 
WDB one side (5) D=3.5 mm 15.8 
+1% 
WDB one side (9) D=5.5 mm 15.7 
WDB/La Dura (17) D=3.5 mm 13.2 
+1% 
WDB/La Dura (19)  D=5.5 mm 13.1 
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 The contribution of the joints between the boards was also investigated by testing some walls 
with open and sealed joints with joint compound and tape. It was found that the sealed joint on 
the compression side of the wall had no effect to the stiffness, as in compression, the joint tends 
to close and therefore the stresses are transferred from one board to the other. On the tension side 
the results are different, as the plaster and tape do not allow the joint to open, enhancing the 
tension stresses to distribute more uniformly as the wall acts monolithically on the tension side. 
This adds an extra 8% to 10% to the total stiffness, as shown in Table 5.12. 
Table 5.12:  Comparison of tests showing the stiffness contribution of the filled joint 
Test 
Deflection at 
2nd load cycle (mm) 
Increased stiffness due 
to joint compound and 
tape Joints filled Joints unfilled 
WDB/ La Dura 13.2 15.2 +11% 
La Dura one side 15.9 17.6 +10% 
Aqua Board one side 16.2 17.5 +8% 
WDB/Aquaboard 171. 18.7 +9% 
WDB/ La Dura 13.8 14.5 +5% 
Fire Board/ Fire Board 13.8 14.5 +5% 
 
Similar wall configurations were tested with boards on one or both sides. The contribution of the 
boards on the tension side gives a very good stiffening ratio of about 18% compared to the wall 
with board on one side. This extra board also minimised the torsional effects of the horizontal C 
sections of the wall frame, which tends to twist in high load. This is given in Table 5.13. 
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Table 5.13:  Comparison of tests show the stiffness contribution of second board on one side 
Test 
Deflection at 
2nd load cycle (mm) 
Increased stiffness due to 
board on the tension side 
Single board Double board 
Fire Board 15.1 12.1 +20% 
Aqua board 17.5 14.8 +16% 
WDB 21.8 17.9 +18% 
An second layer of boards was added to the double board wall configuration giving an extra 20% 
to the stiffness, as shown in Table 5.14. 
Table 5.14: Comparison of tests showing the contribution of double layer board 
Test (number) 
Deflection at  
2nd load cycle 
(mm) 
Double layer 
board 
Contribution of 
double layer board 
Aquaboard both sides (30) 17.5 No 
+21% 
Aquaboard both sides/ 
double layer on comp side 
(36) 
13.8 Yes, tension side 
Aquaboard both sides (30) 17.5 No 
+20% Double layer Aquaboard on 
both sides (38) 
14 Yes, both sides 
 
Comparing OSB with WDB plasterboard, which are both used as sheathing boards for external 
walls applications, the WDB is 4% stiffer than OSB for the 3.6m wall test. Also the WDB is 2% 
stiffer than cement board for the same test configuration. 
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5.4 Finite Element Models for walls in bending  
In order to validate the theoretical and test results of the bending of light-steel walls conducted at 
Surrey University, elastic Finite Element Analyses (FEA) were carried using Abaqus. Two 
different models were created representing different test configurations. The first model had a 
12.5 mm thick board fixed to two 145x35x1.2 mm C sections on one side as shown in Figure 
5.15, while in the second model boards were attached at both sides as shown in Figure 5.17. The 
fixing spacing was 300 mm. The axis system used is the Abaqus 3D global XYZ system with x-x 
axis on the horizontal direction, y-y axis on the vertical direction and z-z axis on transverse 
direction.  
To simplify the finite element analysis, only half of the member was modelled by selecting 
appropriate boundary conditions at mid-span. These include: 
• At the end of the member, the x-x and y-y axis were restrained (Ux=Uy=0) 
• At the mid-span the x-x and z-z axis were restrained, allowing vertical movement on the 
y-y axis (Ux=Uz=0). The boundary conditions are also shown in Figure 5.16.  
 
Figure 5.15: Finite Element model for single board configuration  
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Figure 5.16 : Simple board configuration and boundary conditions 
Figure 5.18 shows the boundary conditions in Abaqus, which are similar to the previous model. 
 
Figure 5.17 : Finite Element model for the two board configuration  
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Figure 5.18 : Two board configuration and boundary conditions 
The applied load was taken as 1 kN/m2 acting on the 1.2 m x 1.8 m surface. To avoid unequal 
deformation of the springs, the load was applied along the C section as pressure, over the 35 mm 
flange on the plasterboard. The line applied on the top of the flange on each C section at 600 mm 
spacing was determined as (1.0x600) / (35 x103) = 0.017 N/mm2 as a surface pressure. 
The two cold formed steel C sections were modelled with Abaqus S4R elements which 
represents three-dimensional, quadrilateral, stress/displacement shell elements with four nodes. 
They are general-purpose conventional elements as they allow transverse shear deformation, by 
using thick shell theory as the shell thickness increases and become discrete Kirchhoff thin shell 
elements as the thickness decreases. They also allow large displacement and rotation.  
The answer to the question of using reduced integration (S4R) and not full integration elements 
(S4) is given by Schafer (2008), who conducted a mesh sensitivity study in a pure compression 
plate model, within elements that uses quadratic shape functions (S9R5) and elements with linear 
shape functions (S4R and S4). The S9R5 and S4R elements, provide solutions in excellent 
agreement with Kirchhoff thin plate theory allowing as little as one element per buckling half-
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wave without degrading the solution. The S4 element locks when fewer than 5 elements are used 
per buckled half-wave (Schafer,2008). The final decision of choosing S4R instead of S9R5 
elements is due to computational time. The plasterboard was modelled using Abaqus C3D8 
elements which represent linear 8-node bricks.  
Three different values were used for the modulus of elasticity of the plasterboard for the 
parametric study: Eb = 1.5, 3, and 6 kN/mm
2, so that a wide range of the sheathing materials 
would be taken into account. A value of Eb = 1.5 kN/mm
2 refers to ordinary plaster-board, while 
Eb = 6 kN/mm
2 refers to cement board. 
As the analysis is linear elastic, the fixings were modelled as linear elastic springs. Each fixing 
was modelled by three individual springs, one on each axis, representing the movement of the 
screw inside the board. The springs on x-x and y-y axes have a fixed stiffness  of 𝑘𝑥 =  𝑘𝑦 =
8 𝑘𝑁/𝑚𝑚 , as they do not affect the composite action of the system, (see Figure 5.19 blue 
springs), while the stiffness of the spring on  z-z axis 𝑘𝑧 was varied from  a small value up to  
8 𝑘𝑁/𝑚𝑚 (see Figure 5.19 red spring).  A parametric analysis of the 𝑘𝑧 fixing stiffness was 
performed and the results are shown below. The springs were modelled as Abaqus SPRING2 
elements, which allow connection between two nodes acting in a fixed direction. This type of 
spring connection is used for ABAQUS/STANDARD analysis by idealizing axial components, 
like screws, bolts, dowels, shear connectors etc.   
 
Figure 5.19: Fixing simulation with springs 
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5.4.1 Modelling of C section in FEA taking into account the effective 
properties  
The steel C section was modelled as being linear elastic (Esteel = 210 GPa), although non-linear 
properties could be used for future work. The Poisson’s ratio was taken as 0.3. The C sections 
were modelled as shell elements in a linear elastic model without taking into account local 
buckling. In practice, the steel sections would be subject to local buckling and so the effective 
properties of the C sections should be used. This effective thickness was calculated and inserted 
to Abaqus according to the following equation:  
𝑡𝑒𝑓𝑓 = 𝑡 × (
𝐼𝑒𝑓𝑓
𝐼𝑔𝑟𝑜𝑠𝑠
) (65) 
where 𝐼𝑒𝑓𝑓  is the effective inertia calculated at serviceability load of  0.6𝑓𝑦  according to EN 
1993-1-3 and 𝐼𝑔𝑟𝑜𝑠𝑠 is the gross inertia of the C section and 𝑡 is the nominal thickness. The full 
calculation process of 𝐼𝑒𝑓𝑓  and 𝐼𝑔𝑟𝑜𝑠𝑠 according to EN 1993-1-3 is shown in Appendix III and 
summarised in Table 5.1. For the purposes of the analysis on the 146x35x1.2mm C section, the 
ratio  
𝐼𝑒𝑓𝑓
𝐼𝑔𝑟𝑜𝑠𝑠
⁄  was taken as 0.93. From equation (65), for 1.2mm C section after deducting the 
0.04mm zinc layer of galvanizing, the effective thickness of C section used in the FEA 
modelling was:   𝑡𝑒𝑓𝑓 = 0.93 × 1.16 = 1.07𝑚𝑚 
5.4.2 Results of finite element analysis  
The parametric analysis of the fixing stiffness on z-z direction of the fixing was performed for 
both models. The analysis was carried out using three different values for the elastic modulus of 
the boards of 1.5, 3 and 6 kN/m2, which covers the majority of boards used in construction. A 
wide range of fixing stiffness was used on the z-z axis, ranging from a very low value up to       6 
kN/mm. Figures 5.20 and 5.21 shows the deformed and un-deformed shapes for both models 
using a typical spring stiffness of kz = 1 kN/mm. The vertical displacement was measured at mid-
span of the specimens using a reference node at the tip of the web on the tension side of the C 
section. The results of the parametric analysis are shown on the graphs in Figures 5.22 and 5.23.  
Figure 5.24 shows the spring forces on the longitudinal z-z axis for board on one and both sides 
of the wall. It is apparent that the addition of the second board makes a very small contribution to 
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the stiffness as fixing forces are distributed only in the first 800 mm from the edge towards the 
mid-span of the wall. After that the spring forces remains the same in both cases. The figure 
shows that the fixing forces follow an approximate cosine function along the C section.  
 
Fig 5.20: Deformation of the model with one board on one side at 2 kN/m2 ( kz=1 kN/mm , Eb=1.5 kN/mm
2) 
 
 
Fig 5.21: Deformation of the model with boards on both sides at 2 kN/m2 ( kz=1 kN/mm, Eb=1.5 kN/mm
2) 
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Figure 5.22: Parametric analysis results of the 3.6 m long panel with boards on one side 
 
 
Figure 5.23: Parametric analysis results of the 3.6 m long panel with  boards on both sides 
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Figure 5.24: Fixing forces in the longitudinal direction at 2 kN/m2  
 
5.5 Theoretical results of the SCI method  
Calculation of the effective stiffness of the wall with board on one side 
The contribution of the board to the total stiffness is given by equation (45). The effective-
section properties in bending according to EC3-1-3 were used. Therefore for 146x35x1.2 mm C 
section the effective area is taken as As=254 mm
2 (see Appendix III). For the case of k= 1 
kN/mm and Eb=1.5 kN/mm
2, the contribution of composite action to the effective stiffness is: 
𝐼𝑒𝑓𝑓 =
0.25 × 12.5 × 600 × (146 + 12.5)2 × (
1.5
210)
[1 +
12.5 × 600
254 × (
1.5
210) + (
3.14
3600)
2
×
12.5 × 600 × 1.5
1
300
]
   = 𝟖. 𝟗 × 𝟏𝟎𝟒𝐦𝐦𝟒 
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This is added to the effective inertia of the C profile calculated as 68.7x104 mm4. The total 
composite stiffness of the system becomes Icomp = 77.6 × 10
4 mm4. The net deflection of the 
C profile due to the total stiffness of the system is: 68.7x104 / 77.6x104 = 0.89 (reduction of 
11%). This can be compared to the FEA results for the same case. In Figure 5.22 for k= 1 
kN/mm and Eb=1.5 kN/mm
2, the mid-span displacement is 8.17mm, while for very low stiffness 
it reaches 9.23 mm (equivalent to the bare frame case). The net deflection of the C profile is 
then: 8.17/9.23 = 0.89 (reduction of 11%) 
This is the same taken from the SCI method, and shows an excellent correlation with the FEA. 
Deflection at mid span 
For a total load of P = 1.0 × 0.6 × 3.6 = 2.16 kN per C section, the deflection of the C profile 
at the mid-span is: 
δ =
5PL3
384EI
=  
5 × 2.16 × 36003
384 × 210000 × 77.6 × 104
= 𝟖. 𝟏𝐦𝐦  
The deflection obtained from the FEA is 8.17mm, showing a good agreement. The deflection of 
the C profile at the mid-span without any boards attached is: 
δ =
5PL3
384EI
=  
5 × 2.16 × 36003
384 × 210000 × 68.7 × 104
= 𝟗. 𝟏𝐦𝐦  
This is the similar to the measurement of 9.2mm, taken from the bare frame test. Following the 
same procedure, a parametric analysis was conducted for three values of elastic modulus of the 
board Eb (1.5, 3 and 6 kN/mm
2), which represent typical elastic modulus values for the majority 
of sheathing materials, and several values of spring stiffness of screws, kzz. The results are given 
in Table 5.15 and the comparison with FEA in Figure 5.25. 
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Table 5.15: Parametric analysis results for board on compression side from SCI method 
 Eb = 1.5 kN/mm
2 Eb = 3 kN/mm
2 Eb = 6 kN/mm
2 
Spring stiffness kzz 
(N/mm/mm) 
Icomp 
( x104 mm4) 
Icomp 
( x104 mm4) 
Icomp 
( x104 mm4) 
1 68.7 68.7 68.7 
20 69.0 69.0 69.0 
100 69.9 70.0 70.0 
300 72.1 72.3 72.4 
500 73.9 74.4 74.6 
1000 77.6 78.8 79.7 
2000 82.0 85.4 87.7 
3000 84.8 89.9 93.9 
6000 89.0 97.9 106.1 
 
 
Figure 5.25: SCI versus FEA comparison for boards on one side for Eb=1.5 kN/mm
2 for L=3.6m 
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Calculation of the effective stiffness of the wall with boards on both sides  
For boards on both sides, the contribution of the boards to the composite stiffness of the C 
section is given by the following equation (32) which is slightly updated to include a different 
numbers of board attached as follows: 
𝐼𝑐𝑜𝑚𝑝 = 𝐼𝑠 +
0.5𝑑𝑏(ℎ + 𝑑)2 (
𝐸𝑏
𝐸𝑠
)
[1 + 0.5(1 + 𝑛𝑏) (
𝜋
𝐿
)
2 𝑏𝑑𝐸𝑏
𝑘
]
 (66) 
where 𝑛𝑏 is the number of boards attached to one face of the C section 
When the attached boards are of a different type on the opposite side of the C section, their 
average properties should be taken into account. As previously, the effective section properties in 
bending were used. For 146x35x1.2 mm C section, kz= 1 kN/mm and Eb=1.5 kN/mm
2 , the 
contribution of composite action to the effective stiffness is: 
𝐼𝑒𝑓𝑓 =
0.5 × 12.5 × 600 × (146 + 12.5)2 × (
1.5
210)
[1 + (
3.14
3600)
2
×
12.5 × 600 × 1.5
1
300
]
=   𝟏𝟖. 𝟖 ×  𝟏𝟎𝟒𝐦𝐦𝟒 
This is added to the effective inertia of the C profile and the total composite stiffness of the 
system becomes Icomp =  87.5 × 10
4 mm4. 
The net deflection of the C profile due to the total stiffness of the system is: 68.7x104 / 87.5x104 
= 0.79 (reduction of 21%). This can be compared to the FEA results for the same case. In Figure 
5.23 for k= 1 kN/mm and Eb=1.5 kN/mm
2, the mid-span displacement is 7.2mm, while for very 
low kz stiffness it reaches 9.1 mm, which is equivalent to the bare frame case. The net deflection 
of the C profile is:    7.2/9.1 = 0.79 (reduction of 21%). 
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Deflection at mid span 
For a total load of P = 1.0 × 0.6 × 3.6 = 2.16 kN per C section, the deflection of the C profile 
at the mid span is: 
δ =
5PL3
384EI
=  
5 × 2.16 × 36003
384 × 210000 × 87.5 × 104
= 𝟕. 𝟏𝟒𝐦𝐦  
The deflection obtained from the FEA is 7.2mm. The results from the parametric analysis on 
different types of boards and fixing stiffness are given in Table 5.16, while the comparison 
between the SCI method and FEA is given in Figure 5.26. 
Table 5.16: Parametric analysis results for boards on both sides from SCI method 
 Eb = 1.5 kN/mm
2 Eb = 3 kN/mm
2 Eb = 6 kN/mm
2 
Spring stiffness kzz 
(N/mm/mm) 
Icomp 
( x104 mm4) 
Icomp 
( x105 mm4) 
Icomp 
( x105 mm4) 
1 68.7 68.7 68.7 
20 69.0 69.0 69.0 
100 71.2 71.2 71.3 
300 75.7 76.0 76.2 
500 79.5 80.5 81.0 
1000 87.5 90.4 92.3 
2000 97.8 105.9 112.0 
3000 104.5 117.7 128.8 
6000 115.2 140.3 166.7 
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Figure 5.26: SCI versus FEA comparison for boards on both sides for Eb=1.5 kN/mm
2 for L=4.8m 
5.6 Discussion of FE results and SCI method  
According to the parametric analysis results for a range of fixing stiffness from kz = 500 to kz 
=2000 N/mm2, the SCI method and FEA show a good agreement, while for higher stiffness, the 
SCI method is less conservative. The SCI method for boards on one side gives a mid-span 
displacement of 8.1mm, while for boards on both sides, it gives a displacement of 7.14 mm. This 
shows that the additional board adds 12% to the total stiffness. This is in the same range with the 
FEA which gives 8.17mm for board on one side and 7.19mm for boards on both sides of the 
wall, which leads to 12% additional stiffness. Compared to the physical tests, an extra layer of 
boards gives 18% extra stiffness. This 30% deviation is because the addition of a board on the 
tension side controls the torsional effect of the C profile, which cannot be determined in SCI 
method and FEA.  
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As the stiffness of the fixing in z-z direction increased, the model adopts more composite 
behaviour. For a low fixing stiffness, the mid-span displacement is 8.17 mm, which is similar to 
the theoretical deflection of the C section at mid-span of 8.1 mm. 
After the parametric analysis, the spring forces on the longitudinal z-z axis for board on one and 
both sides of the wall with 146x35x1.2 C section were output for a pressure of 2kN/m2. The 
comparison showed that the addition of the second board makes a very small contribution to the 
fixing stiffness as fixing forces are distributed only in the first 800 mm from the edge towards 
the mid-span of the wall. After that the spring forces remains the same in both cases. The fixing 
forces follow an approximate cosine function along the C section.  
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6. BEHAVIOUR OF WALLS IN SHEAR USING COLD FORMED STEEL C 
SECTIONS  
The behaviour of boarded cold formed steel walls subject to in-plane shear is addressed in this 
chapter. This analysis is based on the theory of diaphragm action of boarded panels which was 
presented in chapter 3 and is validated with physical tests and finite element analyses. Full scale 
wall panel tests were conducted with OSB and Aquaboard plasterboard on one side as sheathing 
materials in collaboration with Napier University, Smartply and Siniat. Finite element models 
were set up to model the linear and non-linear behaviour of fixing using springs to represents the 
stiffness of the fixings between the boards and the C sections. The comparison results between 
physical tests, theoretical models and finite element analysis showed very good correlation. 
6.1 Physical tests on wall panels in shear with OSB  
A series of shear diaphragm tests was commissioned by Smartply to determine the performance 
of their 11mm OSB3 boards combined with light steel framing. The tests were carried out at 
Napier University and the panels were delivered assembled. The panels were 2.4m square and 
each used five 100mm deep x 1.3mm thick C sections at 600mm spacing, which were considered 
to be typical of the general in load-bearing frames. Two 2.4m x 1.2m boards were used in a 
vertical orientation. 
In all tests, a vertical load of 5 kN was applied to each C section, which represented the load 
acting due to the self-weight of the floors and walls in a 3 storey building. The tests were 
performed to BS EN 594 which included bedding in test followed by a stiffness load cycle to 
40% of the predicted failure load and then followed by loading to failure. The test series included 
3 tests with 5kN vertical load and one test without vertical loading, as shown in Table 6.1. 
Table 6.1: Test series of cold formed steel walls with OSB sheathing 
Test 
Reference 
Sheathing 
type and 
thickness 
Studs Screws 
Screw spacing 
(edge/internal) 
Vertical 
load per C 
section 
No. of tests 
LSF#1 
OSB3 
11mm 
LSF 
100x50x1.2 
Ejot 4.8 300/600 0 kN 1 
LSF#2 
LFS#3 
LSF#4 
OSB3 
11mm 
LSF 
100x50x1.2 
Ejot 4.8 300/600 5 kN 3 
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In all cases, 4.8mm diameter winged Ejot fixings were used to connect the boards to the C 
sections, which are considered to be an industry-norm. The fixings around the perimeter of the 
boards were placed at 300mm spacing and the other fixings were placed at 600mm spacing.  
A horizontal load was applied at the top of the wall panel and holding down bolts were located at 
the bottom of the panels to prevent uplift. The vertical load was applied to the top of the wall 
panels via air bags. The deflections were measured at the top at bottom of the wall and additional 
measurements were made of the vertical movement of the outer C sections. The net shear 
displacement was taken as the top movement less the movement at the base, which is the 
methodology used for timber wall panels.  
All tests failed by shear in the boards as also shown in Figure 6.1. The fixings failed in shear as 
they rotated and pulling through inside the body of the OSB. This behaviour was more evident 
around the middle joint and at the four corners of the frame, as shown in Figure 6.2. 
 
Figure 6.1: Wall panel with OSB board after testing 
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a) Pull through of fixing at the joint 
b) Rotation of fixing 
Figure 6.2: Failure mode of fixings in shear 
The method follows the BS EN 594:1996 testing procedure as given In chapter 3.  According to 
this, the second load cycle was used for calculating the stiffness of the wall panel, while the 
representative load for this is 40% of the failure. The shear load-displacement graph of the test 
with OSB on one side is shown in Figure 6.3.  
 
Figure 6.3: Typical force-displacement graph for OSB on one side 
 PhD Thesis: Modelling of the stiffening effects of boards on cold-formed steel wall panels 
  
 
                                                                  
Marios Stergiopoulos                                                                                                    P a g e  | 177 
 
The results from the both test series are given in Table 6.2. 
Table 6.2: Results of shear tests on walls with OSB 
Test 
 (No vertical load) 
Strength 
(kN) 
Stiffness  
(N/mm) 
Test 
(5 kN vertical load) 
Strength 
(kN) 
Stiffness  
(N/mm) 
LSF#1 20.00 1082 LSF#2 32.61 1847 
   LSF#3 33.43 1908 
   LSF#4 31.91 1895 
Mean 20.00 1082 Mean 32.65 1883.33 
StD   StD 0.76 32.1 
Characteristic  
Value 
  
Characteristic  
Value 
27.89 1608 
 
6.2 Finite element analysis on wall panels in shear with OSB 
A finite element model was set up of a 2.4m high x 2.4m wide wall in Abaqus using non-linear 
analysis.  The lipped C sections were 100 x 50 x 1.3mm thick and were placed at 600mm 
centres.  The fixings between the boards and the Cs were placed at 300mm centres to all of the 
Cs except for 600mm of the intermediate Cs.  The non-linear fixing properties were model with 
the use of ‘non-linear connectors’ with distributed coupling to the surface of the board to avoid 
high local stresses. The OSB boards were modelled as having an elastic stiffness of Eb =3.5 
kN/mm2 as the mean value in tension or compression. A schematic of the model is shown in 
Figure 6.4. 
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Figure 6.4: Schematic view of the wall panel configuration and loading position. 
The properties of the screw connectors were input as follows: 
• Load-displacement relationship (the same in both x and z directions) –see Figure 6.5. The 
load-displacement graph was input from a previous shear test on C sections with OSB 
boards. The initial stiffness was obtained as 1.1 kN/mm in order to compare with the 
elastic models. Abaqus requires input of positive and negative values of load and 
displacement to allow for movement of the fixings. 
• Coupled connection between the fixings to the board and C section in the out of plane 
direction (y direction) so that relative movement would not occur in this direction. 
Regarding boundary conditions, the wall panel was free to move on the in-plane direction xy 
(Uz=0), while the bottom of the wall was pinned in position (Ux=Uy=Uz=0). Same meshing 
conditions were applied as described for the model in bending in section 5.4. 
To be able to determine the serviceability behaviour, a shear force of 10 kN was applied to the 
top of the panel as a uniform shear stress acting on the top surface. Computationally, this load 
was applied incrementally and the deflection at each step is output. A vertical force of 5 kN was 
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applied at the top of each C section to represent the load coming from the upper floors (see 
Figure 6.4 for loading conditions).  
 
Figure 6.5: Load-displacement relationship for the fixings input into the non-linear model used in Abaqus 
6.2.1 Contribution of finite element analysis  
The linear behaviour of fixings in shear using different types of plasterboard and the 
quantification of their shear stiffness is well defined as presented in chapter 4. The successive 
process following this is to quantify the non-linear effects of fixings on a real-scale wall panel 
which uses a significant amount of fixings, typically every 300mm or 150mm centres. For that 
reason, several finite element models of wall panels were set up, simulating the fixings as “non-
linear connectors” instead of typical springs, which behave linearly. By establishing non-linear 
finite element models, the fixings non-linear in-plane behaviour in shear were taken into account. 
The boarding materials used were OSB and Aquaboard, with different fixing stiffnesses as 
shown in chapter 4.  
The results show that taking into account the non-linear behaviour of fixings on large-scale cold 
formed steel wall panels, an effective fixing stiffness can be adopted for design purposes of keff = 
0.7k, where k is the fixing stiffness obtained from a small-scale assembly test as shown in 
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chapter 4. The analysis procedure on finite element modelling is shown below and a summarise 
of the results is shown in paragraph 6.5.  
 
 
6.2.2 Finite element analysis results  
The overall deformation of the panel with the stiffer fixings is shown in Figure 6.6 for a 10 kN 
shear force, which is the close to the maximum that can be resisted. The top displacement was 
6.14 mm at this load, when using non-linear behaviour of the fixings. 
 
Figure 6.6: Deformation of OSB boarded panel at 10 kN shear force 
The local deformation at the top junction between the board and the outer C section is shown in 
Figure 6.7 at a shear load of 10 kN.   The relative horizontal movement of the fixing was 0.84 
mm and the relative vertical movement was 1.23 mm. 
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Figure 6.7: Local deformation of the fixing as a connector at the corner of the panel 
 
The view of the C sections at the back of the panel is shown in Figure 6.8. The twisting of the C 
section is apparent due to the eccentric force transferred from the fixings. 
 
Figure 6.8: Twisting of the C sections on the reverse side of the panel 
The load-deflection response of the wall is shown in Figure 6.9 for the serviceability shear load 
of 10 kN. The non-linear response starts to deviate from the linear response at a shear force of 
about 6 kN. The limiting serviceability deflection of height/500 = 4.8mm is reached at a shear 
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force of 8.2 kN (equivalent to 3.4 kN/m length of the panel). This is about 37% more than the 
elastic behaviour, which is reached at a shear force of 6 kN (equivalent to 2.5 kN/m length of the 
panel). For a limiting serviceability deflection of height/333= 7.2mm, the shear force is about 
11.2 kN (equivalent to 4.7 kN/m length of the panel). This is about 87% more than the limit for 
elastic behaviour, which is reached at a shear force of 6 kN. 
 
Figure 6.9: Load-displacement response of the wall panel taking account on the non-linear deformation of 
the fixings  
 
Figure 6.10 shows the load-displacement curve at the failure load determined from Abaqus. The 
maximum load is 33 kN at 44.6 mm frame displacement, which is equivalent to height/54 = 44.4 
mm.  The test stiffness calculated according to BS EN 594 is 1.89 kN/mm, which is only 5% 
more than the stiffness taken from the FE model (1.8 kN/mm). The failure load of the test is 31.9 
kN which show a very good agreement with FEA. 
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Figure 6.10: Load-displacement response of the wall panel taking account on the non-linear deformation 
of the fixings (at failure load) 
When subject to shear, the panel undergoes the horizontal movement of the frame and relative 
slip of the boards. This combined action causes the fixings movement in both horizontal and 
vertical direction, creating a rotational movement, which is illustrated in Figure 6.11. 
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Figure 6.11: Vector movement of the corner and intermediate fixings 
The fixing forces are then obtained from the displacements by using the fixing load-displacement 
graph. The fixing forces on the horizontal and vertical axis are shown on Figures 6.12 and 6.13 
respectively for 10 kN shear load.  
It is apparent that the vertical forces on the intermediate studs are zero while the maximum 
forces are obtained at the corner fixings, including the ones at the position of the joint. 
The vector sum of the forces is then established, which for the corner fixings is close to the 
maximum resistance. This shows that these fixings have lost most of their stiffness at this load 
level. Forces are therefore re-distributed to other fixings remote from the corners. The fixing 
forces and vector forces for 10 kN load and failure load are given in Tables 6.3 and 6.4 
respectively. 
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Figure 6.12: Fixing forces on horizontal axis at 10 kN shear load 
 
 
Figure 6.13: Fixing forces on vertical axis at 10 kN shear load 
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Outer Stud 1 Middle Stud 3 Left 
Max 
Vector 
Force 
Fixing at base Fixing at top Fixing at base Fixing at top 
1.16 kN 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
-0.65 kN 0.92 kN 0.71 kN 0.89 kN -0.65 kN 0.8 kN 0.7 kN 0.93kN 
1.13 kN vector 1.14 kN vector 1.03 kN vector 1.16 kN vector 
Middle Stud 3 Right Outer Stud 5 
Fixing at base Fixing at top Fixing at base Fixing at top 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
-0.65 kN 0.8 kN 0.7 kN 0.93 kN -0.65 kN 0.92 kN 0.66 kN 0.8 kN 
1.03 kN vector 1.16 kN vector 1.13 kN vector 1.04 kN vector 
Table 6.3: Fixing forces at the corners of the boards at 10 kN shear force 
 
Outer Stud 1 Middle Stud 3 Left 
Max 
Vector 
Force 
Fixing at base Fixing at top Fixing at base Fixing at top 
3.22 kN 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
-1.6 kN 2.6 kN 1.75kN 2.6 kN -1.7 kN 2.6 kN 1.75 kN 2.7 kN 
3.05 kN vector 3.13 kN vector 3.11 kN vector 3.22 kN vector 
Middle Stud 3 Right Outer Stud 5 
Fixing at base Fixing at top Fixing at base Fixing at top 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
-1.7 kN 2.7 kN 1.75 kN 2.7 kN -1.6 kN 2.6 kN 1.75 kN 2.6 kN 
3.19 kN vector 3.22 kN vector 3.05 kN vector 3.13 kN vector 
Table 6.4: Fixing forces at the corners of the boards at failure load of 31 kN 
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The overall results are summarized in Table 6.5. This shows that the fixing forces at the corner 
of the panel vary non-linearly at failure. 
Load Fixing type 
Horizontal 
displacement of 
frame 
Max fixing 
displacement 
Fixing forces at max displacement 
horizontal vertical horizontal vertical vector 
10 kN Fixing to OSB 6.14 mm  0.84 mm 1.23 mm 0.7 kN 0.93 kN 1.16 kN 
Failure 
load  
(31 kN) 
Fixing to OSB 44.5 mm 3.25 mm 9.58 mm 1.75 kN 2.7 kN 3.22 kN 
Table 6.5: Summary of  non-linear FEA results for 2.4m x 2.4m panel in terms of fixing forces 
 
6.2.3 Comparison of theory for elastic stiffness of wall panel  
For fixings with k=1.1 kN/mm 
The elastic stiffness without taking account of non-linear effects is: k = 1.1 kN/mm. The minor 
axis bending stiffness of the Cs is calculated as Izz = 132 x 10
3 mm4 and its area is 322 mm2.  
Furthermore  b  =  1200 mm, B  =  2400 mm, h  =  2400 mm, s  =  300 mm, Eb = 3.5 kN/mm
2,      
t =11 mm 
The effective length of deformation of the C sections is: 
𝑙𝑒𝑓𝑓 = [
210 × 132 × 103
4 × 1.1/300
]
0.25
= 208 𝑚𝑚 
The shear stiffness of the wall panel is therefore:  
𝑉
∆
=
1
2 × (300/1.1)
[2400 + 5 × 208]
+
2 × (2400/1200)2(300/1.1)
(2400/1200)[2400 + 1200/3]
+
2400
(2/2.6) × 2400 × 11
 
𝑉
∆
=
1
0.158 + 0.387 + 0.067
= 1.6 𝑘𝑁/𝑚𝑚 
An additional deflection arises from the axial strain in the C sections due to bending of the wall 
panel as a cantilever and is given by: 
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𝑉
∆
=
3 × 210 × 322 × 24002
2 × 24003
= 42.3 𝑘𝑁/𝑚𝑚
 These two component stiffnesses are combined according to the inverse of the sum of their 
flexibilities that is: (1/1.6+1/42.3)-1 = 1.54 kN/mm, which shows that the effect of axial forces in 
the Cs is small. The deflection at 10 kN shear force is: 10/1.54 =6.5 mm, compared to 6.15 mm 
from the FEA. 
For a shear force of 11.2 kN at the serviceability limit of height/333, the horizontal displacement 
is 7.27 mm from this calculation compared to 7.2 mm obtained from the FEA, which shows that 
use of k is accurate. Therefore no allowance is required for non-linear effects. 
The forces in the fixings for a shear force of 11.2 kN are:  
𝐹1 =
11.2 × 300
[(2 ×
2400
1200 + 1) × 208 + 2400
]
= 0.98 𝑘𝑁 
𝐹2 =  
(2400/1200) × 300 × 11.2
(2400/1200) × (2400 + 1200/3)
= 1.19 𝑘𝑁 
The vector force of the fixing is: Fmax = (0.98
2 +1.19)0.5 = 1.54 kN 
This is less than the shear resistance of the fixings of 2.58 kN obtained from Figure 6.5.   
At serviceability limit deflection of height/333=7.2mm, Table 6.6 shows the comparison of FEA 
results to the elastic theory.. 
Fixing type 
Serviceability load 
at deflection 
height/333 
Displacement at top of panel 
for shear force 
Fixing forces at top corner of 
panel (vector) 
Elastic 
model 
Non-linear model 
from 
FEA 
Elastic 
model 
Non-linear model 
from FEA 
Fixing to OSB 11.2kN at 7.2mm 7.27 mm 7.2 mm 1.54 kN 1.16 kN 
Table 6.6: Comparison of FEA results with the elastic theory for serviceability limit of height/333 
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To conservatively take into account the non-linear effect of the fixings for design purposes, the 
effective stiffness of the fixing is taken as keff =0.7k = 0.77 kN/mm. The elastic theory gives:  
For fixings with keff=0.77 kN/mm 
The minor axis bending stiffness of the Cs is calculated as Izz = 132 x 10
3 mm4 and its area is 322 
mm2. Furthermore  b = 1200 mm, B = 2400 mm, h = 2400 mm, s = 300 mm, Eb = 3.5 kN/mm
2,   
t =11 mm 
The effective length of deformation of the C sections is: 
𝑙𝑒𝑓𝑓 = [
210 × 132 × 103
4 × 0.77/300
]
0.25
= 228𝑚𝑚 
The shear stiffness of the wall panel is therefore:  
𝑉
∆
=
1
2 × (300/0.77)
[2400 + 5 × 228]
+
2 × (2400/1200)2(300/0.77)
(2400/1200)[2400 + 1200/3]
+
2400
(2/2.6) × 2400 × 11
 
𝑉
∆
=
1
0.22 + 0.545 + 0.067
= 1.2 𝑘𝑁/𝑚𝑚 
An additional deflection arises from the axial strain in the C sections due to bending of the wall 
panel as a cantilever and is given by: 
𝑉
∆
=
3 × 210 × 322 × (2400)2
2 × (2400)3
= 42.3 𝑘𝑁/𝑚𝑚
 These two component stiffnesses are combined according to the inverse of the sum of their 
flexibilities that is : (1/1.2+1/42.3)-1 = 1.17 kN/mm. The deflection at 10 kN shear force is: 
10/1.17 =8.55 mm. This is graphically represented in Figure 6.10. 
Compared to the serviceability limit state of height/333=7.2mm, the use of keff = 0.7k gives 18%  
more conservative results. Therefore, in shear loading, the non-linear effect of fixings can be 
modelled by using an effective stiffness of keff = 0.7k for design purposes.  
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6.3 Physical tests on wall panels in shear with Aquaboard  
A series of shear tests were performed from (BRE Report 241-507, 2009) for Siniat Plasterboard. 
This consists of testing light steel framing with Aquaboard plasterboard on one side, using the 
BS EN 594 testing regime. Rails were fixed to each C section with pan head, self-drilling screws 
such that the head was proud of the frame. The frames were 2.4m square and were delivered pre-
assembled. Boards were fixed using 32mm long self-drilling drywall plasterboard screws. The 
data for the tests was: 
• 12.5 mm thick Aquaboard in single layers 
• 2.4m x 2.4m wall panel (2 boards in width) 
• Fixings at 300mm on the outer Cs 
• C sections: 100 mm x 45mm x 1.2 mm C at 600 mm. 
• Vertical applied load of 0 and 5 kN per C section  
The test regime with vertical loads avoids tension failure at the base of the wall. The test was 
performed in two stages; a stiffness test up to 40% of the estimated failure load and then 
unloading followed by loading to failure. A typical load-displacement curve is shown in Figure 
6.14. 
 
Figure 6.14: Typical force – displacement graph for 2.4m wall panel with Aquaboard plasterboard 
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Figure 6.15a shows the severe uplift and buckling of the end C section when no vertical load was 
applied, while Figure 6.15b shows the severe delamination of the plasterboard from the trailing C 
section. 
  
a) Bottom rail buckling 
b) Delamination of plasterboard 
Figure 6.15: Test results for zero vertical load (retrieved by SINIAT) 
When a vertical load of 5kN was applied at each stud, the failure mode changed. Figure 6.16a 
shows that the uplift was reduced close to the leading stud due to the effect of the vertical 
loading, while Figure 6.16b shows the that delamination of the plasterboard is limited.  
  
a) Bottom rail remains stable b) Delamination of Plasterboard 
Figure 6.16: Test results for 5 vertical load per C section (retrieved by SINIAT) 
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Regarding the effect of the fixing spacing, the results show reduced buckling due to wider spaced 
screws. The wall stiffness is given by the term, kwall..  
Based on the test series, it is concluded that the overall wall stiffness is: 
kwall = 0.82 kN/mm for fixings at 150mm centre spacing for a compressive load of  P=0 
kwall = 1.21 kN/mm for fixings at 150mm centre spacing for a compressive load of P=5 kN per C  
6.4 Finite element analysis on wall panels in shear with Aquaboard 
The test performance of the wall panel boarded with Aquaboard was also compared with a finite 
element analysis using Abaqus in which the initial stiffness of the fixings was taken as 800 
N/mm and the board elastic modulus was taken as 2700 N/mm2. The same modelling principles 
as previously were applied. The non-linear performance of the fixings was input into the FE 
model as shown in Figure 6.17. The failure load was 0.85 kN and the deviation from linear 
behaviour occurred at about 0.55 kN, which is slightly higher than 0.6x failure load. 
 
Figure 6.17:  Load-displacement curve for the fixing shear test on Aquaboard  
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6.4.1 Finite element analysis results  
Figure 6.18 show the deformed shape of the panel due to the rotational movement of the 
plasterboard at 10 kN shear load for horizontal displacement of 9mm. Figure 6.19 shows the 
translational movement of the steel frame.  
 
Figure 6.18: Rotational movement of the plasterboard at 10kN shear force 
 
 
Figure 6.19: Translational movement of the steel frame at 10 kN shear force 
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Figure 6.20 shows the deformation of the corner fixing. At this point, the non-linear analysis 
showed that when the fixing enters the plastic region, forces are distributed to the fixing below, 
until this fixing fails. 
 
Figure 6.20:  Corner deformation of the fixing 
An identical model was set up identifying the linear performance of the fixing. Again, the fixings 
were represented with springs, one for each direction x,y,z, which had an elastic stiffness of 800 
N/mm.  
The load-deflection response of the wall is shown in Figure 6.21 for the serviceability shear load 
of 10 kN. The non-linear response starts to deviate from the linear response at a shear force of 
about 4.2 kN. The limiting serviceability deflection of height/500 = 4.8mm is reached at a shear 
force of 7.8 kN (equivalent to 3.3 kN/m length of the panel). This is about 85% more than the 
elastic behaviour, which is reached at a shear force of 4.2 kN (equivalent to 1.8 kN/m length of 
the panel). 
For a limiting serviceability deflection of height/333= 7.2mm, the shear force is about 9.2 kN 
(equivalent to 3.8 kN/m length of the panel). This is about 119% more than for pure elastic 
behaviour, reached at a shear force of 4.2 kN. 
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Figure 6.21: Load-displacement response of the wall panel taking account on the non-linear deformation of 
the fixings  
The results of the analysis are shown in Figure 6.22. The black curve is the result taken from the 
physical wall test while the blue is the result of the linear analysis. The red curve is the non-
linear finite element analysis result, which shows a good correlation with the initial stiffness and 
the failure load of the wall.  
 
Figure 6.22:  Load-displacement curves for the test on Aquaboard and comparison with linear and non-
linear FE modelling 
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The maximum force vectors for the fixings at the serviceability shear force of 10 kN are shown 
in Table 6.7 
Outer Stud 1 Middle Stud 3 Left 
Max 
Vector 
Force 
Fixing at base Fixing at top Fixing at base Fixing at top 
0.75 kN 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
-0.36 kN 0.6 kN 0.41kN 0.5 kN -0.36 kN 0.6 kN 0.5 kN 0.57 kN 
0.7 kN vector 0.65 kN vector 0.7 kN vector 0.75 kN vector 
Middle Stud 3 Right Outer Stud 5 
Fixing at base Fixing at top Fixing at base Fixing at top 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
Horizontal 
direction 
Vertical 
direction 
-0.4 kN 0.5 kN 0.33 kN 0.5 kN -0.5 kN 0.55 kN 0.36 kN 0.6 kN 
0.64 kN vector 0.6 kN vector 0.74 kN vector 0.7 kN vector 
Table 6.7: Fixing forces at the corners of the boards at 10 kN shear force 
 
6.4.2 Comparison of theory for elastic stiffness of wall panel  
For fixings with k=0.8N/mm 
The minor axis bending stiffness of the Cs is calculated as Izz = 100 x 10
3 mm4 and its area is 300 
mm2. For data: b =1200 mm, B =2400 mm, h = 2400 mm, s = 300 mm, Eb = 2 kN/mm
2,                
t =12.5 mm 
The effective length of deformation of the C sections is: 
𝑙𝑒𝑓𝑓 = [
210 × 100 × 103
4 × 0.8/300
]
0.25
= 211𝑚𝑚 
The shear stiffness of the wall panel is therefore: 
𝑉
∆
=
1
2 × (300/0.8)
[2400 + 5 × 211]
+
2 × (2400/1200)2(300/0.8)
(2400/1200)[2400 + 1200/3]
+
2400
(2/2.6) × 2400 × 12.5
 
 PhD Thesis: Modelling of the stiffening effects of boards on cold-formed steel wall panels 
  
 
                                                                  
Marios Stergiopoulos                                                                                                    P a g e  | 197 
 
𝑉
∆
=
1
0.217 + 0.531 + 0.1
= 1.17 𝑘𝑁/𝑚𝑚 
An additional deflection arises from the axial strain in the C sections due to bending of the wall 
panel as a cantilever and is given by: 
𝑉
∆
=
3 × 210 × 300 × (2400)2
2 × (2400)3
= 39.38 𝑘𝑁/𝑚𝑚
 These two component stiffnesses are combined according to the inverse of the sum of their 
flexibilities that is : (1/1.17+1/39.38)-1 = 1.14 kN/mm. The deflection at 10 kN shear force is: 
10/1.14 =8.77 mm, compared to 9 mm from the FEA. 
For a shear force of 9.2 kN at the serviceability limit of height/333, the horizontal displacement 
is 8.07 mm from this calculation compared to 7.2 mm obtained from the FEA. At serviceability 
limit load at deflection of height/333=7.2mm, the comparison of FEA results with the elastic 
theory  is given in Table 6.8. 
Fixing type 
Serviceability load 
at deflection 
height/333 
Displacement at top of panel 
for shear force 
Fixing forces at top corner of 
panel (vector) 
Elastic 
model 
Non-linear model 
from 
FEA 
Elastic 
model 
Non-linear model 
from FEA 
Fixing to 
Aquaboard 
9.2kN at 7.2mm 8.07 mm 7.2 mm 1.26 kN 0.75 kN 
Table 6.8: Comparison of FEA results with the elastic theory for serviceability limit height/333 
If the effective stiffness of the fixing is taken as keff =0.7k = 0.56 kN/mm , the elastic theory 
gives an overall stiffness of 0.82 kN/mm, leading to a deflection of 12.2mm at 10kN of shear 
force. This is shown in Figure 6.22 and gives 69% more conservative results. 
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6.5 Discussion of results on walls in shear  
It is observed that the shear resistance of a 2.4m square wall panel with specialist plasterboards, 
such as Aquaboard, is approximately 1.1 kN/m width of panel for fixings at 300mm spacing. 
This is higher than a design shear force of about 0.5kN/m that is commonly taken for 
plasterboards acting as sheathing boards. 
The results also show that the vertical load of 5 kN per C section increased the wall shear 
stiffness from 0.82 kN/mm (with P=0) to 1.21 kN/mm. This means that the additional vertical 
loading adds 47% to the stiffness while it assisted in the elimination of the vertical uplift of the 
panel. 
If the shear resistance of the most highly loaded fixing is reached at the serviceability limit state, 
the design shear force would increase but the deflection would also increase due to non-linear 
behaviour. In this case, a limiting deflection of height/500 may control. In using the elastic 
theory, it is suggested that the deflection limit is taken as height/500 in order to account for all 
the effects that occur in a real test which are not predicted by the theory. 
For the panel with Smartlpy OSB, the maximum shear force may be taken as 3.4 kN/m panel 
width at the serviceability limit state deflection of height/500, based on the results of the FE 
analysis. This may be increased to 4.7 kN/m panel width at the serviceability limit state 
deflection of height/333. 
The effect of non-linear behaviour of the fixings adds about 18% to the linear elastic deflections 
at the serviceability limit state. A simplified approach to take account of the non-linear behaviour 
of the fixings is to use an effective fixing stiffness given as keff = 0.7k, where k is the stiffness 
obtained from a small-scale assembly test.  
It is also concluded that the mode of failure of the sheathed walls is generally by shear of the 
fixings, while the bending stiffness of the horizontal C sections at the top and bottom of the wall 
panel was controlled by vertical loading. Therefore, the fixing spacing has only a small effect on 
the shear resistance.  An allowable shear load of 1.9 kN/m is consistent with some other 
sheathing boards such as specific plasterboards, but is less than that OSB.  
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7. CONCLUSIONS AND FUTURE WORK   
This thesis has investigated the stiffening effect of the composite action of boards on cold 
formed steel C sections in walls using bending tests, finite element analysis and theoretical 
models obtained from previous work by SCI. Also, the diaphragm action of walls in shear has 
been analysed and correlated with test data, finite element modelling and theory adapted from 
timber frames. Following this, the behaviour of fixings in shear is established for plasterboarded 
wall panels, by establishing equations for the fixing stiffness which are correlated with test data 
and finite element analysis (FEA). 
This chapter presents conclusions on fixing behaviour in shear, the behaviour of cold formed 
steel walls in bending and the diaphragm action of walls in shear. Also, future work is identified.  
7.1 Conclusions on fixing behaviour in shear  
The composite behaviour of boards with cold formed steel section depends on the shear stiffness 
and shear resistance of the fixings. Finite element analysis was used to evaluate the shear 
stiffness of the fixing which depends on the compressed zone in front of the fixing. This was 
performed for dowel type fasteners in bearing which were compared to the EN 383 test data 
provided by Siniat and on push-tests on headed screw fixings. Results showed that the zone of 
influence can be taken approximately as 1.5φ for dowels and 1.4φ for fixings with head, where φ 
is the dowel or fixing diameter. This was correlated with the proposed formulae, as given in 
equation (63), calculating the dowel fixing stiffness, showing a good agreement of 92% 
compared to theoretical over test stiffness results.  
The same procedure was used to evaluate the shear behaviour of fixings using headed screws. To 
achieve this, further parametric analysis was conducted using FEA to evaluate the increase of the 
fixing shear stiffness when the fixing head was included. More precisely: 
• Increasing the elastic modulus of the board had a noticeable effect on the stiffening 
behaviour 
• Changing the degree of fixity between the fixing and the steel plate had a small effect on 
stiffness 
 PhD Thesis: Modelling of the stiffening effects of boards on cold-formed steel wall panels 
  
 
                                                                  
Marios Stergiopoulos                                                                                                    P a g e  | 200 
 
• Changing the thickness of the plate had a noticeable effect on the serviceability 
behaviour. Also increasing the plate thickness from 0.9 to 1.2mm increased the failure 
load by 10% 
• The increasing of the fixing diameter from 3.5 to 5.5mm had an effect on the stiffness at 
0.2kN load and the failure load increased by 10% 
• The use of two 12.5mm thick plasterboards increased the failure load by 70% compared 
to a single board. A single 25mm thick board appeared to behave in a similar way to two 
12.5mm boards, despite the evidence of slip between the boards. 
Further analysis on headed screws modelling showed that the head contributed to the rotational 
movement at the first 1mm of displacement, while after that the shear movement was dominant. 
The centre of rotation of the headed screw was established at 0.8d, where d is the thickness of the 
board, which was correlated with the elastic theory. Also, the stiffness of the fixing in shear 
predicted from the FEA is 36% of the stiffness of the dowel in bearing which showed a good 
correlation with the elastic theory. Following this, a similar equation for headed fixings was 
established, as given in equation (64). 
7.2 Conclusions on the behaviour of walls in bending 
A series of tests on 3.6 and 4.8m long boarded walls with various C sections and sheathing 
boards was carried out at the University of Surrey to examine the stiffening effect provided by 
different types of boards when subjected to out-of- plane bending to simulate wind loading. This 
required the design of a self-equilibrated test rig in which the panels were tested in the vertical 
plane.  The results showed: 
• An 20% increase when an extra board was attached on the tension side compared to 
board on one side and 20% increase with double layered boards on one side. 
•  A further 10% stiffening effect was found when the joints were sealed on the tension 
side.  
• The increase in stiffness was only 3% when the spacing of fixings was reduced from 300 
to 150mm  
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• An 1% increase when the diameter of fixing was increased to 5.5mm, compared to 
3.5mm.  
The use of the SCI method to calculate the effective stiffness of C sections on walls with boards 
on one or both sides showed good agreement with the physical tests. The bending resistance was 
also increased from 27% with board on one side up to 39% for boards on both sides of the wall, 
compared to the theoretical resistance, using 146mm deep C sections.  
These bending stiffness results were also validated with relative finite element models using the 
linear behaviour of the fixings. According to that analysis and taking into account the composite 
action of the model, as the stiffness of the fixings on the in-plane direction increased, the model 
adopted more composite behaviour. For low fixing stiffness, the mid span displacement was 
similar to the theoretical deflection of the C section without any boarding attached, which shows 
zero composite action in this case.  
7.3 Conclusions on the behaviour of walls in shear 
A series of tests on 2.4m square sheathed cold formed steel wall panels subject to shear loading 
was conducted using OSB wood boards and Aquaboard (type H) plasterboard. These tests were 
performed at Napier University according to BS EN 594 testing procedure. It was found that: 
• The test shear resistance of 1.1 kN/m length of wall was higher that the design resistance 
of 0.5 kN/m that is commonly taken for plasterboards acting as sheathing boards.  
• The test showed that the stiffness was increased by 14% when vertical load was applied 
on top of the C sections to simulate the floor loading, with significant reduction of the 
wall uplift.  
Finite element analysis using non-linear fixing behaviour was used to simulate the test results 
showing very good correlation. In this analysis, it was found that the effect of non-linear 
behaviour of the fixings adds about 18% to the linear elastic deflections at serviceability. Based 
on this, the elastic stiffness was proposed to allow for non-linearity of the fixings by adopting a 
simplified approach of using an effective fixing stiffness of keff = 0.7k for design purposes, 
where k is the fixing stiffness from a simple push test. This approach controlled very well for 
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both cases while using OSB and Aquaboard as sheathing material.  Theoretical models were also 
developed using the diaphragm action theory showing a very good comparison with the FEA. 
Also was found that the dominant mode of failure on both tests and finite element analysis was 
generally by shear of the fixings, while the maximum loading was taken by the corner fixings 
which were controlling the load distribution of the wall panel. 
7.4 Future work  
Future work in this field should address: 
• Update proposed equations for the fixing stiffness to include more robust boards as 
cement boards, plywood and OSB, as the shear failure mode of the fixing into these 
boards is different compared to plasterboard. 
• Study the behaviour of wall panels in bending and shear by including openings for doors 
and windows, which will reduce the stiffness of the system. 
• Investigate the effect of additional X or K bracing in boarded walls. 
• Include non-linear properties of the C sections for modelling walls in shear and bending 
in Abaqus. 
• Apply the derived method to tall partitions with multiple layers of boards. 
• Develop a standard push test method to derive fixing properties.  
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Appendix I  
1) Elastic bending test results on 3.6m long panel with 146 x 35 x 1.2 mm C section 
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2) Elastic bending test results on 4.8m long panel with 146 x 35 x 1.2 mm C section 
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3) Elastic bending test results on 3.6m long panel with 100 x 50 x 1.2 mm C section 
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4) Elastic bending test results on 3.6m long panel with 90 x 35 x 0.9 mm C section 
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Appendix II 
Calculation of coefficient of variation and characteristic values 
 
146x35x1.2 C section 
Fire board one side  
(Test 12) – 3.6m span 
Deflection at 1 kN/m2 
(1st load cycle)  
Deflection at 2 kN/m2 
(2nd load cycle) 
Average Value 7.8mm 15.7mm 
Standard deviation 0.20mm 0.33mm 
Variation coefficient 2.5% 2.1% 
Characteristic value 7.72mm 14.92mm 
 
WDB one side  
(Test 29) – 4.8m span 
Deflection at 1 kN/m2 
(1st load cycle)  
Deflection at 2 kN/m2 
(2nd load cycle) 
Average Value 10.9mm 21.8mm 
Standard deviation 0.29mm 0.50mm 
Variation coefficient 2.7% 2.3% 
Characteristic value 10.37mm 20.82mm 
 
Aqua board both sides 
(Test 30) – 4.8m span 
Deflection at 0.4 kN/m2 
(1st load cycle)  
Deflection at 0.8 kN/m2 
(2nd load cycle) 
Average Value 8.5mm 17.5mm 
Standard deviation 0.22mm 0.63mm 
Variation coefficient 2.6% 3.6% 
Characteristic value 8.0mm 16.0mm 
 
Aqua board both sides 
 (Test 31) – 4.8m span 
Deflection at 0.4 kN/m2 
(1st load cycle)  
Deflection at 0.8 kN/m2 
(2nd load cycle) 
Average Value 7.3mm 14.5mm 
Standard deviation 0.13mm 0.30mm 
Variation coefficient 1.8% 2.1% 
Characteristic value 7.06mm 13.95mm 
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WDB/Aqua board 
(Test 32) – 4.8m span 
Deflection at 0.4 kN/m2 
(1st load cycle)  
Deflection at 0.8 kN/m2 
(2nd load cycle) 
Average Value 9.50mm 18.7mm 
Standard deviation 0.25mm 0.78mm 
Variation coefficient 2.7% 4.2% 
Characteristic value 8.99mm 17.18mm 
 
WDB/Aqua board 
(Test 33) – 4.8m span 
Deflection at 0.4 kN/m2 
(1st load cycle)  
Deflection at 0.8 kN/m2 
(2nd load cycle) 
Average Value 8.50mm 17.1mm 
Standard deviation 0.19mm 0.40mm 
Variation coefficient 2.2% 2.3% 
Characteristic value 8.10mm 16.24mm 
 
WDB/WDB 
(Test 34) – 4.8m span 
Deflection at 0.4 kN/m2 
(1st load cycle)  
Deflection at 0.8 kN/m2 
(2nd load cycle) 
Average Value 8.9mm 17.9mm 
Standard deviation 0.21mm 0.41mm 
Variation coefficient 2.3% 2.3% 
Characteristic value 8.55mm 17.12mm 
 
WDB/WDB 
(Test 35) – 4.8m span 
Deflection at 0.4 kN/m2 
(1st load cycle)  
Deflection at 0.8 kN/m2 
(2nd load cycle) 
Average Value 8.5mm 17.2mm 
Standard deviation 0.13mm 0.27mm 
Variation coefficient 1.5% 1.6% 
Characteristic value 8.24mm 16.68mm 
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Aqua board both sides/Double 
layer on comp side 
(Test 36) – 4.8m span 
Deflection at 0.4 kN/m2 
(1st load cycle)  
Deflection at 0.8 kN/m2 
(2nd load cycle) 
Average Value 6.9mm 13.8mm 
Standard deviation 0.16mm 0.38mm 
Variation coefficient 2.3% 2.7% 
Characteristic value 6.64mm 13.14mm 
 
Aqua board both sides/Double 
layer on comp side 
(Test 37) – 4.8m span 
Deflection at 0.4 kN/m2 
(1st load cycle)  
Deflection at 0.8 kN/m2 
(2nd load cycle) 
Average Value 7.7mm 15.3mm 
Standard deviation 0.50mm 0.64mm 
Variation coefficient 6.5% 4.2% 
Characteristic value 6.31mm 13.46mm 
 
Double layer aqua board on 
both sides 
(Test 38) – 4.8m span 
Deflection at 0.4 kN/m2 
(1st load cycle)  
Deflection at 0.8 kN/m2 
(2nd load cycle) 
Average Value 7.0mm 14.0mm 
Standard deviation 0.15mm 0.24mm 
Variation coefficient 2.2% 1.8% 
Characteristic value 6.72mm 13.48mm 
 
Double layer aqua board on 
both sides 
(Test 39) – 4.8m span 
Deflection at 0.4 kN/m2 
(1st load cycle)  
Deflection at 0.8 kN/m2 
(2nd load cycle) 
Average Value 5.8mm 11.6mm 
Standard deviation 0.10mm 0.29mm 
Variation coefficient 1.7% 2.5% 
Characteristic value 5.59mm 11.03mm 
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WDB on comp side/Double 
layer Aqua Board on tension 
side 
(Test 41) – 4.8m span 
Deflection at 0.4 kN/m2 
(1st load cycle)  
Deflection at 0.8 kN/m2 
(2nd load cycle) 
Average Value 8.1mm 15.3mm 
Standard deviation 0.22mm 0.48mm 
Variation coefficient 2.7% 3.1% 
Characteristic value 7.61mm 14.31mm 
 
100x50x1.2 C section 
WDB one side 
(Test 47) – 4.8m span 
Deflection at 0.5 kN/m2 
(1st load cycle)  
Deflection at 1 kN/m2 
(2nd load cycle) 
Average Value 8.27mm 15.84mm 
Standard deviation 0.32mm 0.73mm 
Variation coefficient 3.9% 4.6% 
Characteristic value 7.64mm 14.41mm 
 
WDB/La Dura 
(Test 48) – 4.8m span 
Deflection at 0.5 kN/m2 
(1st load cycle)  
Deflection at 1 kN/m2 
(2nd load cycle) 
Average Value 7.5mm 14.5mm 
Standard deviation 0.47mm 0.79mm 
Variation coefficient 6.9% 5.8% 
Characteristic value 6.22mm 12.47mm 
 
WDB/La Dura 
(Test 49) – 4.8m span 
Deflection at 0.5 kN/m2 
(1st load cycle)  
Deflection at 1 kN/m2 
(2nd load cycle) 
Average Value 6.7mm 13.8mm 
Standard deviation 0.40mm 0.34mm 
Variation coefficient 6.0% 2.4% 
Characteristic value 5.88mm 13.22mm 
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La Dura/La Dura 
(Test 50) – 4.8m span 
Deflection at 0.5 kN/m2 
(1st load cycle)  
Deflection at 1 kN/m2 
(2nd load cycle) 
Average Value 7.10mm 14.0mm 
Standard deviation 0.25mm 0.44mm 
Variation coefficient 3.6% 3.1% 
Characteristic value 6.59mm 13.14mm 
 
La Dura/La Dura 
(Test 51) – 4.8m span 
Deflection at 0.5 kN/m2 
(1st load cycle)  
Deflection at 1 kN/m2 
(2nd load cycle) 
Average Value 6.7mm 13.5mm 
Standard deviation 0.29mm 0.54mm 
Variation coefficient 4.3% 4.1% 
Characteristic value 6.12mm 12.24mm 
 
La Dura/WDB 
(Test 52) – 4.8m span 
Deflection at 0.5 kN/m2 
(1st load cycle)  
Deflection at 1 kN/m2 
(2nd load cycle) 
Average Value 6.95mm 14.0mm 
Standard deviation 0.23mm 0.36mm 
Variation coefficient 3.4% 2.5% 
Characteristic value 6.48mm 13.32mm 
 
Fire Board/WDB 
(Test 53) – 4.8m span 
Deflection at 0.5 kN/m2 
(1st load cycle)  
Deflection at 1 kN/m2 
(2nd load cycle) 
Average Value 7.06mm 14.0mm 
Standard deviation 0.35mm 0.58mm 
Variation coefficient 4.9% 4.1% 
Characteristic value 6.36mm 12.99mm 
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Fire Board/WDB 
(Test 54) – 4.8m span 
Deflection at 0.5 kN/m2 
(1st load cycle)  
Deflection at 1 kN/m2 
(2nd load cycle) 
Average Value 7.12mm 14.0mm 
Standard deviation 0.15mm 0.29mm 
Variation coefficient 2.1% 2.1% 
Characteristic value 6.82mm 13.47mm 
 
Fire Board/Fire Board 
(Test 55) – 4.8m span 
Deflection at 0.5 kN/m2 
(1st load cycle)  
Deflection at 1 kN/m2 
(2nd load cycle) 
Average Value 7.4mm 14.5mm 
Standard deviation 0.08mm 0.23mm 
Variation coefficient 1.1% 1.5% 
Characteristic value 7.20mm 13.99mm 
 
Fire Board/Fire Board 
(Test 56) – 4.8m span 
Deflection at 0.5 kN/m2 
(1st load cycle)  
Deflection at 1 kN/m2 
(2nd load cycle) 
Average Value 6.8mm 13.8mm 
Standard deviation 0.17mm 0.10mm 
Variation coefficient 2.5% 0.7% 
Characteristic value 6.42mm 13.50mm 
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Appendix III 
a) Calculation of effective properties on 146x34x1.2mm C section at 
serviceability (stress= 0.6x460 N/mm2) 
 
Basic Data  
Determine the elastic properties at serviceability stress of 0.6fy =276 N/mm
2. 
The dimensions of the cross-section and the material properties are: 
Total height     mm146=h  
Total width of flange    mm341 =b  
Total depth of edge stiffener   mm7=c  
Nominal thickness    mm2.1nom =t  
Steel core thickness    mm16.1=t  
Measured yield strength   
2
yb mmN460=f  
Modulus of elasticity    
2mmN210000=E  
Partial factor for steel    00,1M0 =  
 
 
 
 
 
EN1993-1-3 
§ 3.2.4(3) 
 
 
 
The effective section properties are based on 
centre-line dimensions of the C section.  
These dimensions are presented below (ignoring 
fractions of a mm): 
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Web height    mm1452.1146nomp =−=−= thh  
Width of flange in compression mm332.134nom1p1 =−=−= tbb  
Depth of edge stiffener  mm62/2.172nomp =−=−= tcc  
Allowance for loss of length in the corners = (2-3.14/2).r = 0.9 t where r = 2t  
Effective loss of flange width due to two corners = 2 x 0.9 x 1.16 = 2mm 
Gross section properties 
( ) 2gross mm254145)233(26216.1 =+−+=A  
Second moment of area (gross) 
  
433
322
gross
mm1073910)29566402(
16.1)12/14569625.72)233(2(
=++=
++−=I
 
 
Effective section properties  
Effective width of the compression flange 
Buckling factor is: 4σ =k  for compression flange with edge stiffener and:
yb235 f=  = (235/276)
0.5 = (0.85)0.5 = 0.92 
Slenderness ratio of compression element: 
52.0
492.04,28
16.1/31
4,28 σ
p1
bp, =

==
k
tb

  
Effective width reduction factor is: 
( ) ( )
11.1
52.0
13055.052.03055.0
22
bp,
bp,
=
+−
=
+−
=


  > 1.0 
 
EN1993-1-3 
§ 5.5.2 
and 
EN1993-1-5 
§ 4.4 
Effective width of the compression flange is: 
mm34p1eff == bb   
mm5.15315.05,0 effe2e1 ==== bbb  
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Effective depth of the edge stiffener 
The buckling factor is 5,0σ =k  
EN1993-1-3 
§ 5.5.3.2 (5a) 
Slenderness ratio for stiffeners: 
26.0
5.099.04.28
16.16
4,28 σ
p
cp, =

==
k
tc

   
EN1993-1-5 
§ 4.4 
Effective width reduction factor of stiffener is: 
0.1,0.107.1
26.0
188.026.0188.0
22
cp,
cp,
==
−
=
−
= 


 so  
 
Effective area of the edge stiffener: 
( ) ( ) 2effe2s mm2565.1516.1 =+=+= cbtA  
EN1993-1-3 
§ 5.5.3.2 (5a) 
Use the initial effective cross-section of the stiffener to determine the 
reduction factor, allowing for the effects of the continuous spring restraint. 
EN1993-1-3 
§ 5.5.3.2 (3) 
The elastic critical buckling stress for the edge stiffener is|: 
s
s
scr
A
IEK2
, =    where: K is the spring stiffness per unit length: 
fp21
3
1p
2
1
2
3
5.0
1
)1(4 khbbbhb
tE
K
++

−
=

  
and 0f =k  for bending about the major (y-y) axis 
EN1993-1-3 
§ 5.5.3.2 (7) 
1b  – distance from the web to the centre of the effective area of the stiffener 
in compression (upper flange) 
mm29
)65.15(
2/5.15
33
)(
2/ 2
effe2
2
1
p11 =
+
−=
+
−=
cb
b
bb  
EN1993-1-3 
§ 5.5.3.1(5) 
mmNK /62.0
)2914529(
1
91.04
16.110210
32
33
=
+



=  
 
sI  is the effective second moment of area of the stiffener: 
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( ) ( )
2
effe2
2
effeff
eff
2
effe2
2
eff
e2
3
eff
s
22212






+
−+





+
+=
cb
cc
tc
cb
c
tb
tc
I
321221))65.15/(65.00.3(16.16
)65.15/(616.15.1525.012/16.16
22
243
s
++=+−+
++=I
 
   Is   = 65 mm
4 
Elastic critical buckling stress for the edge stiffener is: 
2
cr,s mmN232
25
6521000062.02
=

=  
 
Thickness reduction factor χd for the edge stiffener 
The relative slenderness: 
02.1232240cr,sybd ===  f  
EN1993-1-5 
§ 4.4 (2) 
Reduction factor is: 
if 65.0d  , 0,1d = ;     if 38.165.0 d    dd 723.047.1  −=  
if 38.1d    dd 66.0  =   
  So 72.003.1723.047.1d =−=  
Effective area of stiffener and outer part of flange is: 
 0.72 x (15.5 + 6) x1.16 = 18mm2 
Effective area = (6 +31 +145 +15.5 + 0.72 x (6 +15.5)) x1.16 = 247 mm2 
EN1993-1-3 
§ 5.5.3.2 (3) 
 
Effective area of web in compression  
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Position of the elastic neutral axis below the compression flange: 
mmz 74247/16.1)5.721451453172.065.01416( 2c =+++=  
Stress ratio:   96.0
74
14574
c
pc
−=
−
=
−
=
h
hh
  
 
Buckling factor: 
2
σ 78,929,681,7  +−=k   8.22σ =k  
Relative slenderness of web: 
93.0
8.2299.04.28
16.1145
4.28 σ
p
hp, =

==
k
th

  
Web depth reduction factor for web in compression is: 
( ) ( )
94.0
93.0
96.03055.093.03055,0
22
hp,
hp,
=
−−
=
+−
=


  
The effective width of the zone in compression of the web is: 
mm697494.0ceff === hh  ( i.e. 5mm ineffective web depth) 
EN1993-1-5 
§ 4.4 
(Table 4.1) 
Near the flange in compression: mm28694.04.0 effe1 === hh  
Near the neutral axis: mm41696.06.0 effe2 === hh  
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An iterative procedure is required to determine the effect of the ineffective 
web on the elastic neutral axis depth from the top flange. The effect of the 
loss of the 22mm depth of web on the neutral axis depth is calculated simply 
as follows:   
16.15247
16.1)2/415(574247
c
−
+−
=z = 75 mm  (increase of 1 mm)  
This means that the ineffective depth of web is increased to 6mm. 
 
Position of the neutral axis from the flange in tension (see figure below): 
mm7075145cpt =−=−= zhz    
Depth of effective web from bottom flange, mmh 11141702 =+=  
Depth of effective web from top flange, mmh 281 =  (as above) 
Effective cross-section area including ineffective web area: 
 
Aeff =252-2x1.16 = 246 mm
2 (5% reduction on fully effective web)
 
EN1993-1-3 
§ 5.5.3.2 (10) 
Effective section properties in bending  
12/16.157.0612/16.1612/16.111112/16.128
612816.12/)702/111(11116.17016.1316616.16
7116.172.067516.172.05.157516.15.15
3333
2222
222
yeff,
++++
+−+++
++=I
 
yeff,I = (101 + 73 + 25 + 30 + 176 + 27+ 121 + 2 + 132+ 0 +0) x 10
3    
       =  687 x 103 mm4 (7% reduction on Igross) 
 
This stiffness at a serviceability stress of 276 N/mm2 is 13% higher than that 
for a steel stress of 460 N/mm2. 
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b) Calculation of effective properties on 146x34x1.2mm C section at 
failure (stress=460 N/mm2)  
 
Basic Data EC3-1-3 
The measured dimensions of the cross-section and the material properties are: 
Total height     mm146=h  
Total width of flange    mm341 =b  
Total depth of edge stiffener   mm7=c  
Nominal thickness    mm2.1nom =t  
Steel core thickness    mm16.1=t  
Measured yield strength   
2
yb mmN460=f  
Modulus of elasticity    
2mmN210000=E  
Partial factor for steel    00,1M0 =  
 
 
 
 
 
EN1993-1-3 
§ 3.2.4(3) 
 
 
 
The effective section properties are based on 
centre-line dimensions of the C section. The 
70mm deep part of the web which is perforated is 
ignored in the section property calculations. 
These dimensions are presented below (ignoring 
fractions of a mm): 
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Web height    mm1452.1146nomp =−=−= thh  
Width of flange in compression mm332.134nom1p1 =−=−= tbb  
Depth of edge stiffener  mm62/2.172nomp =−=−= tcc  
Allowance for loss of length in the corners = (2-3.14/2).r = 0.9 t where r = 2t  
Effective loss of flange width due to two corners = 2 x 0.9x 1.12 = 2mm 
Gross section properties 
( ) 2gross mm254145)233(26216.1 =+−+=A  
Second moment of area (gross) 
  
433
322
gross
mm1073910)29566402(
16.1)12/14569625.72)233(2(
=++=
++−=I
 
 
Effective section properties 
 
Effective width of the compression flange 
Buckling factor is: 4σ =k  for compression flange with edge stiffener and:
yb235 f=  = (235/460)
0.5 = (0.51)0.5 = 0.71 
Slenderness ratio of compression element: 
66.0
471.04,28
16.1/31
4,28 σ
p1
bp, =

==
k
tb

  
Effective width reduction factor is: 
( ) ( )
92.0
66.0
13055.062.03055.0
22
bp,
bp,
=
+−
=
+−
=


  > 1.0 
 
EN1993-1-3 
§ 5.5.2 
and 
EN1993-1-5 
§ 4.4 
Effective width of the compression flange is: 
mm29p1eff == bb   
mm5.14295.05,0 effe2e1 ==== bbb  
 
Effective depth of the edge stiffener 
The buckling factor is 5,0σ =k  
EN1993-1-3 
§ 5.5.3.2 (5a) 
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Slenderness ratio for stiffeners: 
36.0
5.071.04.28
16.16
4,28 σ
p
cp, =

==
k
tc

   
EN1993-1-5 
§ 4.4 
Effective width reduction factor of stiffener is: 
0.1,0.131.1
36.0
188.036.0188.0
22
cp,
cp,
==
−
=
−
= 


 so  
 
Effective area of the edge stiffener: 
( ) ( ) 2effe2s mm2465.1416.1 =+=+= cbtA  
EN1993-1-3 
§ 5.5.3.2 (5a) 
Use the initial effective cross-section of the stiffener to determine the 
reduction factor, allowing for the effects of the continuous spring restraint. 
EN1993-1-3 
§ 5.5.3.2 (3) 
The elastic critical buckling stress for the edge stiffener is|: 
s
s
scr
A
IEK2
, =    where: K is the spring stiffness per unit length: 
fp21
3
1p
2
1
2
3
5.0
1
)1(4 khbbbhb
tE
K
++

−
=

  
and 0f =k  for bending about the major (y-y) axis 
EN1993-1-3 
§ 5.5.3.2 (7) 
1b  – distance from the web to the centre of the effective area of the stiffener 
in compression (upper flange) 
mm28
)65.14(
2/5.14
33
)(
2/ 2
effe2
2
1
p11 =
+
−=
+
−=
cb
b
bb  
EN1993-1-3 
§ 5.5.3.1(5) 
mmNK /78.0
)2814528(
1
91.04
16.110210
32
33
=
+



=  
 
sI  is the effective second moment of area of the stiffener: 
( ) ( )
2
effe2
2
effeff
eff
2
effe2
2
eff
e2
3
eff
s
22212






+
−+





+
+=
cb
cc
tc
cb
c
tb
tc
I
341321))65.14/(65.00.3(16.16
)65.14/(616.15.1425.012/16.16
22
243
s
++=+−+
++=I
 
   Is   = 68 mm
4 
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Elastic critical buckling stress for the edge stiffener is: 
2
scr, mmN278
24
6821000078.02
=

=  
 
Thickness reduction factor χd for the edge stiffener 
The relative slenderness: 
29.1278460scr,ybd ===  f  
EN1993-1-5 
§ 4.4 (2) 
Reduction factor is: 
if 65.0d  , 0,1d = ;     if 38.165.0 d    dd 723.047.1  −=  
if 38.1d    dd 66.0  =   
  So 54.029.1723.047.1d =−=  
Effective area of stiffener and outer part of flange is: 
 0.54 x (14.5+ 6) x1.16 = 13 mm2 
Effective area = (6+31 +145 +14.5 + 0.54 x (6 +14.5)) x1.16 = 241 mm2 
EN1993-1-3 
§ 5.5.3.2 (3) 
 
Effective area of web in compression 
 
 
Position of the elastic neutral axis below the compression flange: 
mmz 76241/16.1)5.721451453154.065.01416( 2c =+++=  
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Stress ratio:   91.0
76
14576
c
pc
−=
−
=
−
=
h
hh
  
Buckling factor: 
2
σ 78,929,681,7  +−=k   6.21σ =k  
Relative slenderness of web: 
24.1
6.2176.04.28
16.1145
4.28 σ
p
hp, =

==
k
th

  
Web depth reduction factor for web in compression is: 
( ) ( )
73.0
24.1
91.03055.024.13055,0
22
hp,
hp,
=
−−
=
+−
=


  
The effective width of the zone in compression of the web is: 
mm557673.0ceff === hh  ( i.e. 21mm ineffective web depth) 
EN1993-1-5 
§ 4.4 
(Table 4.1) 
Near the flange in compression: mm22554.04.0 effe1 === hh  
Near the neutral axis: mm33556.06.0 effe2 === hh  
 
An iterative procedure is required to determine the effect of the ineffective 
web on the elastic neutral axis depth from the top flange. The effect of the 
loss of the 22mm depth of web on the neutral axis depth is calculated simply 
as follows:   
16.121241
16.1)2/2122(2276241
c
−
+−
=z = 81 mm  (increase of 4 mm)  
This means that the ineffective depth of web is increased to 25 mm. 
 
Position of the neutral axis from the flange in tension (see figure below): 
mm6481145cpt =−=−= zhz    
Depth of effective web from bottom flange, mmh 9733642 =+=  
Depth of effective web from top flange, mmh 221 =  (as above) 
Effective cross-section area including ineffective web area: 
EN1993-1-3 
§ 5.5.3.2 (10) 
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 2
eff 21016.127241 mmA =−= (13% reduction on fully effective web) 
Effective section properties in bending  
12/16.154.0612/16.1612/16.19712/16.122
702216.1)642/97(16.197643116.16116.16
7716.154.068116.154.05.148116.15.14
3333
2222
222
yeff,
++++
+−+++
++=I
 
yeff,I = (110 + 59 + 22 + 26 + 147 + 27 + 125 + 1 + 88 + 0 +0) x 10
3    
       =  605  x 103 mm4 (18 % reduction on Igross) 
 
Elastic section modulus: 
33
3
c
yeff,
cy,eff, mm 1047.7
81
10605
=

==
z
I
W  
Elastic bending resistance 
43.310460 1047.7 63el ==
−M kNm 
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